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ABSTRACT OF THE DISSERTATION
THE EXCHANGE OF CARBON, NITROGEN, AND PHOSPHORUS 
IN DWARF AND FRINGE MANGROVES OF THE 
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by
Stephen Edward Davis, III 
Florida International University, 1999 
Miami, Florida 
Professor Daniel Childers, Major Professor
Water management has altered both the natural timing and volume of freshwater 
delivered to Everglades National Park. This is especially true for Taylor Slough and the 
C - l l l  basin, as hypersaline events in Florida Bay have been linked to reduced freshwater 
flow in this area. In light of recent efforts to restore historical flows to the eastern 
Everglades, an understanding of the impact of this hydrologic shift is needed in order to 
predict the trajectory of restoration. I conducted a study to assess the importance of 
season, water chemistry, and hydrologic conditions on the exchange of nutrients in dwarf 
and fringe mangrove wetlands along Taylor Slough. I also performed mangrove leaf 
decomposition studies to determine the contribution of biotic and abiotic processes to 
mass loss, the effect of salinity and season on degradation rates, and the importance of 
this litter component as a rapid source of nutrients.
v
Dwarf mangrove wetlands consistently imported total nutrients (C, N, and P) and 
released N O 2 + N O 3', with enhanced release during the dry season. Ammonium flux 
shifted from uptake to release over the study period. Dissolved phosphate activity was 
difficult to discern in either wetland, as concentrations were often below detection limits. 
Fluxes of dissolved inorganic nitrogen in the fringe wetland were positively related to 
DIN concentrations. The opposite was found for total nitrogen in the fringe wetland. A 
dynamic budget revealed a net annual export of TN to Florida Bay that was highest 
during the wet season. Simulated increases and decreases in freshwater flow yielded 
reduced exports of TN to Florida Bay as a result of changes in subsystem and water flux 
characteristics. Finally, abiotic processes yielded substantial nutrient and mass losses 
from senesced leaves with little influence of salinity. Dwarf mangrove leaf litter 
appeared to be a considerable source of nutrients to the water column of this highly 
oligotrophic wetland. To summarize, nutrient dynamics at the subsystem level were 
sensitive to short-term changes in hydrologic and seasonal conditions. These findings 
suggest that increased freshwater flow has the potential to lead to long-term, system-level 
changes that may reach as far as eastern Florida Bay.
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Chapter 1:
Preface
The mangroves of the Everglades and Florida Bay are characterized by different 
growth forms that are a function of local environmental, hydrologic» and geomorphologic 
conditions (Lugo and Snedaker 1974; Cintron et al. 1985; Twilley 1998), These 
conditions not only affect mangrove structure and productivity but also the species 
composition of the forest (Thom 1967; McKee 1993; Chen and Twilley 1998). Between 
the freshwater marshes of the southern Everglades and northeast Florida Bay lies a vast 
area (~ 6,000 ha) of dwarf (1-1.5m in height) red mangrove (.Rhizophora mangle L.) 
wetland (Figure 1.1). This is a low nutrient environment with extremely low primary 
productivity and little to no tidal influence (Lugo and Snedaker 1974; Cintron et al.
1985). Fringe mangroves, which are more productive and nutrient rich than the dwarf 
systems, occupy the land-sea interface of this region and are flushed on a more regular 
basis (Lugo and Snedaker 1974; Cintron et al. 1985; Figure 1.1). The red mangrove is 
also the predominant species in these wetlands. Together, these two mangrove wetland 
types make up a substantial portion of what is currently referred to as the salinity 
transition zone (STZ) of the southern Everglades (Figure 1.1).
The STZ of the southern Everglades is loosely defined as the area of wetland from 
the northernmost extent of salinity penetration to the interface of the mainland and 
Florida Bay. Since the influence of tide in this area of the Everglades is negligible, 
season (wet v. dry) is believed to be the most important factor driving the annual salinity 
and nutrient profiles through the STZ. However, water management practices, dating 
back to the early to mid-1900’s, have altered both the natural timing and volume of
1
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Figure 1.1- Map of southern Everglades and Florida Bay (top) along with aerial photo of 
the Taylor Slough salinity transition zone (STZ; bottom) highlighting the locations of 
dwarf and fringe mangrove wetlands.
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freshwater flowing from the Everglades into Florida Bay. In fact, it has been speculated 
that past reductions in freshwater flow led to the expansion of the STZ and, thus, to an 
increase in areal coverage of mangrove wetlands (Ball 1980; Odum et al. 1982). While 
these structural changes developed over a relatively long time scale (20-50 years), 
changes in nutrient dynamics may have been evident on much smaller time scales (1-2 
years). Given the current efforts to restore the historical freshwater flows back to the 
southern Everglades, an understanding of the short-term effects on whole-system nutrient 
dynamics is necessary in order to predict the trajectory of ecosystem change.
Therefore, I conducted a number of studies to determine the effects of season and 
surface water salinity on the exchange of carbon (C), nitrogen (N), and phosphorus (P) in 
dwarf and fringe mangrove wetlands of the oligotrophic southern Everglades. Both of 
these factors pertain to freshwater flow and were expected to vary throughout the course 
of the two-year study. First, I performed studies of wetland-water column exchange of C, 
N, and P in each wetland type during both the wet and dry season (Chapter 2-4). The 
flux data generated from these "black box" studies were then related to surface water 
temperature and salinity as well as season in order to account for flux variability. Next, I 
performed an experiment to estimate the contribution of mangrove leaf litter to water 
column nutrients (C, N, and P) and the effect of salinity on the processes (biotic and 
abiotic) that regulate the release of these nutrients (Chapter 5). Of the numerous 
processes regulating the wetland-water column exchanges of nutrients, leaf litter 
decomposition was expected to be one of the most important and easiest to quantify.
Finally, synthesizing flux data from the dwarf and fringe subsystems as well as 
from daily water sampling, I developed a dynamic budget for total nitrogen in the STZ of
3
Taylor Slough, Everglades National Park (Chapter 6). This budget accounted for the 
daily exchange of total nitrogen within and between the dwarf and fringe subsystems as 
well as between the STZ and Florida Bay, as a function of seasonal hydrology. Using 
this budget, I also performed a series of exercises to determine the likely outcome of 
changing freshwater flows during the wet and dry season. The results of these exercises 
as well as the results of this research are an important first step in understanding how past 
and future water management activities will affect ecological pattern and process in the 
southern Everglades.
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Chapter 2:
An enclosure technique for quantifying wetland-water column exchange of nutrients
in non-tidal dwarf mangrove wetlands
Abstract
Few studies of wetland-water column exchange of nutrients exist in the mangrove 
literature, especially for dwarf mangrove systems. I developed and implemented an 
enclosure technique to quantify the exchanges of carbon, nitrogen, and phosphorus in a 
non-tidal, dwarf mangrove wetland along Taylor River, Everglades National Park. Four, 
quarterly samplings of triplicate, dwarf mangrove island enclosures were conducted from 
August 1996 (early wet season) to May 1997 (late dry season). Simple linear regression 
techniques were used to determine net areal fluxes of nutrients in each enclosure, for each 
sampling. Significant fluxes were measured for all constituents except soluble reactive 
phosphorus. Results indicated that nitrate + nitrite was consistently exported throughout 
the year, however this export was significantly greater during dry season compared to wet 
season samplings. Ammonium flux displayed a different seasonal pattern with export 
shifting to import as water temperature decreased. The other constituents did not show a 
noticeable seasonal effect. This wetland was a source of dissolved organic carbon and a 
sink for total nutrients (organic carbon, nitrogen, and phosphorus) for much of the year. 
Comparisons with mangrove flux studies from across the tropics indicate: 1) that this 
non-tidal, oligotrophic dwarf system appears to cycle nitrogen differently than other more 
productive systems, and 2) this technique provides flux results similar in magnitude to 
those generated by mangrove benthic flux studies. I believe that this technique has many
5
potential applications in both dwarf mangrove and other functionally similar wetland 
systems and can be used to address many questions of ecological interest.
Introduction
Dwarf mangroves are one of the four mangrove forest types commonly found in 
the neo-tropics (Cintron et al. 1985). These forests are characterized by low productivity, 
are typically dominated by a single species, and rarely attain canopy heights greater than 
1.5 m (Lugo and Snedaker 1974; Cintron et al. 1985). It has been speculated that a 
number of factors, including soil salinity, degree of soil saturation, soil compactness, and 
nutrient availability contribute to the stature of these forests (Davis 1940; Egler 1952; 
Craighead 1971; Lugo and Snedaker 1974; Lin and Sternberg 1992). However, recent 
experimental evidence suggests that nutrient availability (i.e. phosphorus) may be the 
most important factor controlling dwarf mangrove production, especially in carbonate- 
dominated systems (Feller 1995; Koch 1997).
Along the southeastern tip of Florida, the red mangrove (.Rhizophora mangle L.) 
is the dominant species in most dwarf mangrove systems. Dwarf red mangrove- 
dominated wetlands cover approximately 6,000ha between the southern freshwater 
Everglades marshes and the coastal fringe mangrove systems that line the perimeter of 
southern Biscayne Bay and eastern Florida Bay (Lin and Sternberg 1992). This region is 
characterized by calcareous marl soils with little or no tidal influence (Davis 1940; Egler 
1952) and, like the freshwater Everglades marshes and Florida Bay, is highly 
oligotrophic. While these mangrove wetlands may be an important structural component
6
of the vegetated landscape of this region, little is known about their functional role as 
potential sources, sinks or transformers of nutrients.
Over the last 30 years, there have been a number of studies addressing such issues 
in temperate estuarine wetlands. For the most part, these studies emphasized one or two 
equally important processes: the vertical flux of energy and nutrients between a wetland 
and the overlying water column, or the horizontal advection of energy and nutrients 
between the wetland and the adjacent tidal creek or coastal system. Early estuarine 
exchange studies were more concerned with testing the hypothesis that the wetlands are 
sources of organic matter (energy) to adjacent coastal systems (reviews by Nixon 1980; 
Childers et al. 1999). However, as the results of these studies became more ambiguous, 
there was a movement to look more closely at marsh-water column or marsh-tidal creek 
interactions (Wolaver et al. 1983; Wolaver and Spurrier 1988; Whiting and Childers 
1989; Childers and Day 1990; Childers 1994).
Aside from the pioneering works of Golley et al. (1962) and Odum and Heald 
(1972), it has been only in the last 10-15 years that tropical, mangrove-dominated 
estuaries have been the setting for this type of ecosystem-level research. Adapting many 
of the techniques developed in temperate salt marsh systems, investigators of recent 
mangrove studies have shown that tidally-driven mangrove wetlands can effectively 
serve as sinks for total suspended solids (Rivera-Monroy et al. 1995) and dissolved 
inorganic nitrogen (Kristensen et al. 1988; Rivera-Monroy et al. 1995). Tidally 
influenced mangrove systems also appear to be net sources of organic carbon to adjacent 
coastal systems (Twilley 1985; Lee 1990), even though the mangrove soils may serve as 
an efficient sink for dissolved organic carbon (Boto et al. 1989).
7
My goal was to develop and implement a portable, meso-scale, in situ technique 
for quantifying wetland-water column interactions in a non-tidal dwarf mangrove system, 
The site chosen for this study was a dwarf red mangrove wetland along the Taylor River 
mangrove system in Everglades National Park. Specifically, I wanted to quantify the 
exchange of carbon (total and dissolved organic carbon), nitrogen (nitrate+nitrite, 
ammonium, and total nitrogen), and phosphorus (soluble reactive and total phosphorus) 
between the dwarf mangrove wetland and the overlying water column. I also sought to 
explain some of the seasonal variability in the patterns of these exchanges with factors 
such as surface water salinity, temperature, and ambient nutrient concentration data. In 
this paper I demonstrate the efficacy of this new method with data from four quarterly 
flux samplings.
Site Description
Taylor Slough is the primary natural drainage for freshwater in the southern 
Everglades, second only to Shark River Slough in all of Everglades National Park. It is 
located in the southeast corner of Everglades National Park and feeds numerous 
mangrove creeks that empty into northeastern Florida Bay. One of the most significant 
of these channels, in terms of freshwater input into Florida Bay, is Taylor River (Figure 
2.1). Taylor River is a fairly small channel (approximately 10m wide and l-2m deep) 
that links a number of small, shallow ponds along the north-south gradient of the 
mangrove salinity transition zone of the southern Everglades. Although it empties into 
Florida Bay, via Little Madeira Bay (Figure 2.1), Taylor River is not significantly 
affected by tides. In fact, the direction and velocity of water flow in Taylor River is
8
Figure 2,1- Map of southern Everglades (Taylor Slough), Florida Bay and upper Florida 
Keys, Enlargement is an aerial photograph of Little Madeira Bay and Taylor River with 
dwarf mangrove site highlighted.
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driven mostly by the interaction of precipitation, upland runoff, and wind. The result is a 
clear seasonal salinity pattern that is illustrated in a plot of daily salinity data at the mouth 
of Taylor River (Figure 2.2).
During a typical wet season (June-November), high precipitation produces a net 
southerly flow of water from Taylor Slough into Taylor River, which leads to freshwater- 
oligohaline conditions throughout much of the wet season. As the dry season progresses, 
high evaporation in the Everglades marshes combined with a reduced freshwater head 
and decreased precipitation result in a hydraulic head in the opposite direction. This 
yields increased salinity throughout the mangrove zone, the maximum of which is 
typically set by the salinity of Florida Bay (Figure 2.2). However, during extremely dry 
years, high evapotranspiration in this shallow wetland combined with no precipitation 
and reduced freshwater flow can produce surface water salinity in excess of 50%o 
(Mclvor et al. 1994). Short-term variability (daily to weekly fluctuations) in Taylor 
River salinity is often driven by wind forcing that is most pronounced during seasonal 
transitions (personal observation).
Three mangrove forest types characterize the salinity transition zone of Taylor 
River. A red mangrove-dominated, fringe forest lines the lower stretch of Taylor River 
as well as the shoreline of Little Madeira Bay. Behind this fringe forest is a black 
(Avicennia germinans L.) and white (.Laguncularia racemosa L. Gaertn.) mangrove- 
dominated basin forest. This band of vegetation runs parallel to Florida Bay along the 
Buttonwood Ridge and is roughly 0.5 to 1km wide (Figure 2.1). The remaining 
mangrove area in between these two forest types and the freshwater Everglades marshes, 
is dominated by a continuous stand of dwarf red mangrove. Within this zone, there are
10
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Figure 2.2- Plot of daily averages of salinity (%o) at the mouth of Taylor River from May 
1996 -  June 1997 and average salinity ± standard deviation in the dwarf site during the 
four sampling periods (histogram bars). The salinity was 0%o for the entire duration of 
the November 1996 sampling.
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numerous isolated dwarf mangrove islands of varying size (l-10m in diameter) residing 
in the deeper (0.5-lm) areas of the slough. These islands are found on peat mounds with 
0.1-0.5m in relief from the bottom of the basin (see enclosure cross-section; Figure 2.3). 
The hydrology of the dwarf zone in Taylor River is characterized mostly by sheetflow 
with low current velocities (usually < 1cm s'1), and the wetland is perennially inundated. 
The enclosure study was conducted in this type of dwarf mangrove, approximately 5km 
north of Florida Bay (Figure 2.1).
Materials and Methods
I constructed circular enclosures around three small (2.5-4m in diameter) dwarf 
red mangrove islands as shown in Figure 2.3. Island selection was based on accessibility, 
structural similarity, and proximity to one another, as all sampling was conducted from a 
kayak. Each enclosure was composed of supports, walls, and attachments. For the 
supports, aluminum fence posts were set into the mangrove peat at 2m intervals around 
each island and left in place for the duration of the study. The walls and attachments 
were constructed of a single piece of 6 mil, clear plastic film pre-fabricated with rows of 
shower curtain rings. Each wall also had a medium-weight chain installed along the 
bottom to hold it flush against the soil surface. During deployment, the walls were 
attached to the poles with the rings and the weight of the chain held the wall to the soil 
surface. At the conclusion of each sampling, the walls were removed in order to prevent 
shading and isolation effects.
Before the first sampling, I conducted intensive surveys of the microtopography 
of each island and established permanent water level meters adjacent to each island. An
12
Figure 2.3- a) Illustration of top and cross-sectional views of a dwarf mangrove island enclosure, b) Picture of one of three 
mangrove enclosures used in Taylor River. All work was conducted from a kayak to reduce soil and prop root community 
disturbance.
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estimation of the volume of prop roots on each island was then made using data from 
measured samples. Specifically, I took a prop root census and measured the diameter and 
length of root submerged from a random sample of 30 prop roots at each island.
Assuming that each prop root was a cylinder, the average volume of cylinder (root) 
submerged was estimated from sample data from each island. The total volume of prop 
root submerged was then calculated as the product of the average volume of root 
submerged and the total number of submerged prop roots at each island, at a known water 
level. I also assumed that the change in volume of each cylinder submerged was a linear 
function of change in water level. Considering that the range of water level variation 
during the course of this study was less than 7cm» I felt this was a safe assumption.
Going on these assumptions, a linear model was generated whereby I could estimate the 
volume of water inside each enclosure and the volume of prop roots submerged from the 
water level data at a given sampling. Finally, survey data were also used to estimate 
mangrove island surface area. These values were used to normalize fluxes to a per m 
surface area of wetland.
Enclosure sampling
I conducted quarterly samplings of the dwarf mangrove enclosures so as to 
include two wet season (August 96-early wet season and November 96-late wet season) 
and two dry season (January 97-early dry season and May 97-late dry season) samplings. 
All fieldwork (i.e. deployment, sampling, and takedown) was conducted from a small 
boat to reduce soil and prop root community disturbance. At the onset of each sampling, 
water samples were collected next to each island immediately before the walls were
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lowered into position. Beginning one hour after the walls were lowered, temperature, 
salinity, and water level were measured and water samples were collected hourly for six 
hours.
Water samples were taken from inside each of the enclosures at mid-depth using a 
Nalgene hand pump and side-arm flask, which was connected to a sample tube with a 
sample diffuser on the end. The sample diffuser was made from a 0.3m section of rigid 
HDPE tubing (1.25cm I.D.) that was sealed at one end and had numerous holes along its 
length. The purposes of the sample diffuser were 1) to reduce soil or prop root 
community disturbance, and 2) to allow for the collection of a more integrated water 
sample. Samples were also collected just outside each enclosure using the same 
procedures to monitor ambient concentrations of all constituents.
Nutrient analyses
Immediately after collection, a portion of each water sample was filtered 
(Whatman GF/F) in the field. Filtered samples were stored frozen and unfiltered samples 
were kept at 4°C until analyzed for nutrient content. Hourly salinity and temperature 
measurements were made with an analog S-C-T meter (YSI Model 33).
All nutrient analyses were performed at the Southeast Environmental Research 
Center (SERC) laboratory at Florida International University. Unfiltered water samples 
were analyzed for total phosphorus (TP) according to a modification of the dry ashing, 
acid-hydrolysis technique (Solorzano and Sharp, 1980), total nitrogen (TN) using an 
Antee 7000N total nitrogen analyzer, and total organic carbon (TOC) using a hot 
platinum catalyst, direct injection analyzer (Shimadzu model TOC-5000). Filtered water
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samples were analyzed for soluble reactive phosphorus (SRP), ammonium (NH/), 
nitrate+nitrite (NCV+NCV), and nitrite (NO2") on a four-channel auto-analyzer (Alpkem 
model RFA 300), and for dissolved organic carbon (DOC) using the same method listed 
above for TOC.
Calculation of fluxes
Net areal fluxes for a given sampling were calculated by regressing concentration 
change, normalized for enclosure water volume and wetland area, from each interval 
versus sampling time (h). Normalized concentration change values were calculated as 
the product of the difference between the initial concentration (|iM) and concentration at 
interval = x and the volume of the enclosure (V) at interval = x, divided by the mangrove 
island area (A; see equation 1 below). For each replicate enclosure, normalized fluxes of 
a given constituent from all intervals were then regressed against sampling time using 
StatView 5 (SAS Institute, Inc., Cary, NC). Refer to Figure 2.4 for example of 
normalized flux regressions for each enclosure. Significant slopes (ANOVA, p<0.1) 
generated from this procedure indicated a flux of a given constituent in a single 
enclosure. Furthermore, the slopes of these models were considered the net areal fluxes 
for each enclosure (Table 2.1). An alpha level of 0.1 was chosen for the regression 
analyses to compensate for the small sample size (n=6, for each enclosure) and the high 
level of variability expected with this in situ study. Standard deviations and averages of 
net areal flux were calculated when more than one enclosure showed a flux for a given 
constituent. If only one enclosure showed a flux of a given constituent, then that value
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Figure 2.4- An example of net areal flux determination used in this study. Regressions of 
normalized TOC flux versus time (h) in each enclosure during the January 1997 
sampling. Significant slopes (p<0.1) were used as the net areal flux. Positive slopes, as 
in this instance, indicated an uptake by the wetland while negative slopes signified an 
export from the wetland to the water column.
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Table 2.1- Table showing slope (slope = net areal flux), p-value, and r-squared from each regression 
of normalized flux versus sampling time in all enclosure samplings. Positive slopes indicate 
nutrient uptake by the mangrove wetland and negative slopes indicate nutrient export from the 
wetland to the overlying water column, n f= no flux measured.
nitrate + nitrite ammonium total nitrogen
sampling rep. slope p-value """r 2 slope p-value R2 slope p-value
Aug.96 A -12.87' 0.006 0.81 -13.19 0.075 0.50 349.81 0.021 0.69
B -12.32 0.088 0.47 -12.99 0.036 0.62 317.58 0.072 0.51
C -16.64 0.013 0.74 -17.17 0.043 0.59 380.20 0.050 0.57
Nov. 96 A -22.52 0.077 0.50 8.36 0.071 0.51 79.24 0.006 0.81
B -18.78 0.043 0.59 8.15 0.065 0.53 142.23 0.022 0.68
C -10.21 0.093 0.46 8.30 0.092 0.46 157.00 0.076 0.50
Jan. 97 A -78.96 0.079 0.49 29.42 0.057 0.55 293.15 0.005 0.83
B ■ o 0.0003 0.94 14.95 0.060 0.54 278.87 0.027 0.66
C -76.94 0.031 0.64 34.50 0.017 0.72 307.70 0.031 0.64
May. 97 A -41.74 0.024 0.67 -42.44 0.073 0.51 nf - -
B -49.61 0,081 0.49 -27.94 0.0003 0.94 -135.74 0.014 0.73
C -42.60 0.088 0.47 49.90 0.074 0.50 nf - -
18
Table 2,1- continued from previous page
reactive phosphorus total phosphorus dissolved organic carbon total organic carbon
sampling rep slope p-value R2 slope p-value R2 slope p-value slope p-value Ic
Aug.96 A nf - - 2.97 0.070 0.51 nf - - 3369.64 0.047 0.58
B nf - - 2.51 0.098 0.45 4730.24 0.014 0.73 3865.17 0.026 0.66
G -2.00 0.007 0.80 2.89 0.097 0.45 nf _ - 4681.94 0.059 0.54
Nov. 96 A nf - - -1.02 0.034 0.63 -6629.84 0.042 0.60 -3547.87 0.042 0.60
B nf - . -6.07 0.055 0.56 -7246.51 0.066 0.52 -3359.56 0.001 0.90
C 0.57 0.089 0.47 »3.94 0.048 0.58 -3050.03 0.013 0.74 nf _ -
Jan. 97 A nf - - n f - - 1728.74 0.090 0.47 1945.80 0.017 0.71
B nf - - nf . - nf - - 2864.66 0.034 0.63
C nf - nf - - nf - - 3681.70 0.004 0.84
May. 97 A -1.28 0.046 0.58 3.45 0.012 0.75 -4138.76 0.036 0.62 4440.99 0.009 0.78
B nf - - 2.16 0.0780 0.49 -2419.22 0.003 0.86 3590.17 0.033 0.63
C nf - - 3.11 0.064 0.53 -3442.22 0.059 0.54 7286.50 0.080 0.49
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was used as the overall net areal flux for that constituent. One-sample t-tests were used 
to determine if replicate net areal fluxes were significantly (p<0.05) different from zero. 
Equation 1
normalized flux (fimoles m'2) = [ ^ 1Mtial ——
Results
Nutrient concentration data
Average salinity in the surface water ranged from 0%o in Nov. 96 (late wet 
season) to 27%o in May 97 (late dry season; Figure 2.2). Mean surface water temperature 
varied from a high of 34.5°C in Aug. 96 to a low of 17°C in Jan. 97. Ambient nutrient 
concentrations displayed a high degree of variability among the different samplings 
(Figure 2.5). Nitrate+nitrite concentrations were relatively low during the wet season (1- 
2\iM) and higher and more variable during the dry season (0 .5 -5 f iM ) . I observed a 
similar pattern for NEU+ concentrations, however Aug. 96 concentrations of N H / were 
nearly as high as those measured in Jan. 97. Total nitrogen showed a very strong 
seasonal trend, with the highest concentrations in the early wet season (median = 8 8 p M  
in Aug. 96) followed by a significant decline as the wet season progressed into the dry 
season (median =52fiM in May 97; Figure 2.5). The percentage of total nitrogen that was 
in the dissolved inorganic form was around 6% for much of the year (Aug. and Nov. 96 
and May 97). However, during Jan. 97, DIN (NOt,'+NO£ and N H /) was consistently 
15% or more of the total nitrogen in the surface water of this dwarf mangrove site.
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Figure 2.5- Box-and-whisker plots of ambient water column nutrient concentrations at Taylor River dwarf mangrove site during 
each sampling. For each plot, the center line marks the median, the notches indicate the 95% confidence interval about the 
median, the bottom and top line of each box represent the 25th and 75th percentiles, and the bottom and top line of the whiskers 
indicate the 10th and 90th percentiles, respectively. Letters represent significant differences between samplings (ANOVA, p<0.05). 
Asterisks on TOC/DOC plots represent a significant difference between TOC and DOC concentrations for a given sampling period 
(paired t-test, p<0.05).
Soluble reactive phosphorus (a.k.a. reactive phosphorus) concentrations were low 
and quite variable during all samplings. In fact, I collected several samples that were at 
or below the limits of detection (<0.OlfiM) and a few that were over an order of 
magnitude higher than this (Figure 2.5). The majority of the samples were within this 
range of SRP concentration. This wide range of SRP concentration seems to be 
characteristic of other mangrove systems as well (Nixon et al. 1984; Boto and Wellington 
1988). Soluble reactive phosphorus was typically 5-10% of TP in the surface waters of 
Taylor River except in Aug. 96, when over 25% of TP was SRP (Figure 2.5).
The organic carbon content (TOC and DOC) of the water in this zone also showed 
a strong effect of season (Figure 2.5). Total organic carbon and DOC concentrations 
declined significantly from a high of about 1.45mM in the early wet season (Aug. 96) to 
approximately 1.05mM in the late dry season (May 97). Roughly 95% of the TOC in 
Taylor River was in the dissolved form (DOC). Only in Nov. 96 and Jan. 97 did I 
observe a noticeable difference between TOC and DOC concentrations (Figure 2.5). This 
characteristic reflected the relative absence of particulate material in this carbonate 
setting.
Flux results
Regression analyses revealed fluxes of all constituents with R-squared values 
ranging from 0.45 to 0.94 (Table 2.1). At least one flux was recorded for each 
constituent during every sampling except January 1996, when neither TP nor SRP 
displayed a measurable flux (Table 2.1). Overall, SRP exhibited the fewest instances of 
net areal flux (Table 2.1). Moreover, significant net areal fluxes were observed for all
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constituents except SRP, and NCV+NCV, N H / and TOC yielded significant fluxes 
during all four samplings (Table 2.1; Figure 2.6). Total nitrogen fluxes were significant 
during three of the four samplings, and TP and DOC fluxes were significant during two 
samplings (Figure 2.6).
There was a significant export ofM V+NOi' from the dwarf mangrove wetland in 
all four sampling periods (Figure 2.6). This export was significantly greater in the dry 
season than it was during the wet season (ANOVA, p=0.0047). In addition, ambient 
concentrations of NOj'+NOi* were higher and more variable during the months in which 
I measured the highest export of this constituent (Figures 2.5 and 2.6). This resulted in a 
significant nonlinear relationship between the concentration and flux of NOa'+MV 
(Figure 2.7a). Ammonium flux shifted from export to uptake and then back to export 
over the course of this study (Figure 2.6). This pattern showed a rather strong negative 
relationship with mean surface water temperature during each sampling (Figure 2.7b). 
Total nitrogen was imported by the dwarf mangrove wetland during the Aug. 96 
sampling, in contrast to the large exports ofM V+NO i' and N H / (Table 2.1; Figure 2.6). 
I also measured uptake of TN during the Nov. 96 and Jan. 97 samplings (Figure 2.6).
I observed no significant flux of SRP in this study. The inability of us to measure 
SRP flux was probably the result of low concentrations (< 0.05|iM) making it difficult to 
detect significant changes over time. However, there were fairly large uptakes of TP 
during Aug. 96 (11.29 ± 3.76 nmoles m'2 hr”1) and May 97 (7.79 ± 3.05 mmoles m'2 hr4). 
The large uptake in Aug. 96 may have also included a substantial import of SRP, as the 
percentage of TP that was soluble reactive was over 25% at this time (Figure 2.5).
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Figure 2.6- Bar charts showing significant net areal fluxes measured over the course of this study. Error bars represent standard 
errors of the means when more than one enclosure displayed a flux of a given constituent. Positive values indicate an uptake by 
the wetland and negative values signify an export to the water column. Soluble reactive phosphorus flux was not significant 
during this study.
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Figure 2,7- a) Regression plot of nitrate + nitrite flux (jamóles m'2 h'1) measured in dwarf 
mangrove enclosures versus ambient concentrations (fiM). b) Regression plot of 
ammonium flux (fimoles m'2 h'1) measured in dwarf mangrove island enclosures versus 
ambient water temperature (°C).
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Although the concentrations of TOC and DOC were very similar in this system 
and followed a similar seasonal pattern, I found different flux patterns exhibited by these 
two constituents (Figures 2.5 and 2.6). Total organic carbon was imported during Aug.
96, Jan. 97 and May 97 and DOC was exported during Nov. 96 (Figure 2.6). Dissolved 
organic carbon was also exported during the Nov. 96 sampling, but was exported in May 
97 as well, in contrast to TOC at that time (Figure 2.6). The other two samplings yielded 
non-significant fluxes for DOC (Figure 2.6).
Discussion
I have presented a new method that successfully measured systems-level fluxes in 
a dwarf mangrove wetland. The magnitude of the fluxes measured in the dwarf system of 
Taylor River suggested a relatively high metabolism for such an oligotrophic system, 
which structurally appears to be in a near steady state. Unfortunately, there are few, if 
any flux studies conducted in non-tidal dwarf mangrove systems to corroborate this 
observation. Nevertheless, it is possible to make approximate comparisons of this new 
method with other mangrove flux studies across the tropics. The majority of these have 
been studies of tidal exchange of detritus or "outwelling" investigations (Twilley 1985; 
Woodroffe 1985; Boto and Wellington 1988; Lee 1990; Childers et al. 1999). The trend 
that has emerged from most of these studies (as suggested by Twilley 1988 and later 
reviewed by Lee 1995) is that mangrove wetlands tend to export organic matter. In spite 
of the fact that most all of these outwelling studies were conducted in tidal systems, the 
hypothesis should still apply to a non-tidal system such as this. While the dwarf 
mangroves in Taylor Slough are not flushed by daily tides, they are seasonally flushed by
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upland runoff fueled by precipitation and wind events and, like all other mangroves, 
produce a continuous crop of litter.
The significant fluxes I observed for TOC, DOC, TN and TP in Taylor River 
neither supported nor refuted the outwelling hypothesis. Although there was an export of 
DOC and TP part of the year, there was also significant uptake of TOC, TN and TP for 
much of the rest of the year. Since I used an enclosure technique to determine these 
fluxes, it is difficult to comment directly on the fate and transport of nutrients in this 
system. Therefore, I related the patterns in observed fluxes to the seasonal hydrology of 
Taylor River/Slough in order to speculate on the most likely fate of these nutrients.
The dwarf mangrove wetlands of Taylor Slough essentially function as a basin 
system during the dry season. During this time, net evapotranspiration (ET) likely 
exceeds freshwater input to the system, as little to no upland runoff or direct precipitation 
leads to increased residence times. This produces a net movement, albeit a weak one, of 
high salinity water from Florida Bay towards the dwarf mangrove wetlands. This trend 
was shown at the mouth of Taylor River during the dry season of 1997 (Figure 2.2). 
Therefore, Florida Bay inputs, ET, and internal cycling are expected to be the dominant 
mechanisms controlling the concentration and flux of nutrients in the dwarf mangroves. 
The wet season, on the other hand, is usually characterized by a strong net southerly 
movement of fresh water through the dwarf mangroves towards Florida Bay. This 
phenomenon was illustrated in the daily, surface water salinity data from July through 
November 1996 at the mouth of Taylor River (Figure 2.2). During the wet season, bay 
inputs are essentially cut off, as freshwater input from upland runoff sweeps through the 
dwarf mangrove wetlands of Taylor Slough. This also reduces the relative influences of
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internal recycling and ET in controlling nutrient dynamics. Therefore, I concluded that 
nutrients exported from the dwarf mangrove wetland during the dry season were recycled 
within the system, while wet season exports were advected downstream towards Florida 
Bay.
With this in mind, this wetland was a source of organic carbon (TOC and DOC) 
to downstream systems during the late wet season (Nov. 96). This event coincided with 
the lowest salinity recorded in this study (0%o) and with a consistently low period of 
salinity at the mouth of Taylor River (Figure 2.2), further supporting the idea that this 
material was exported downstream. The dwarf system also appeared to be a wet season 
source of DIN to downstream systems (Figure 2.6). All other nutrients, except SRP, were 
imported by the mangrove wetland during the wet season. Total phosphorus and organic 
carbon were imported in Aug. 96 and total nitrogen was imported in both Aug. and Nov. 
96. During the dry season, with Florida Bay as the major source of nutrients, the dwarf 
wetland also imported TOC (entire dry season), TN (early dry season), and TP (late dry 
season) and exported DIN.
The processes involved with these exchanges and transformations are numerous, 
however, I will discuss a few potentially important processes that may explain some of 
my findings. First, leaching of mangrove leaf litter can account for large effluxes of 
dissolved organic carbon, nitrogen, and phosphorus to the water column (Fell and Master 
1980; Tam et al. 1990; Chale 1993; Steinke et al. 1993). This abiotic process contributes 
a great deal to the tea colored water common in many mangroves. A study has shown 
that this mangrove leachate, especially from R. mangle leaves, is quite labile and is 
rapidly and efficiently utilized when concentrations are low (Benner et al. 1986). In the
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dwarf system, I found consistent uptake of TOC, TN, and TP, Since particulate loads 
and dissolved inorganic concentrations are low in this system, I figured that these 
fractions were mostly labile dissolved organic material of mangrove origin.
My data also suggest an importance of nitrogen transformation in this system. 
Nitrate + nitrite export in the dwarf wetland during the late wet and early dry season was 
coupled with ammonium import (Figure 2.6). From this, I concluded that NO3 +NO2' 
accumulation coupled with NHU* loss was indicative of nitrogen transformation from a 
reduced form to an oxidized form. The consistent export of MV+NOi' in this dwarf 
mangrove indicated that nitrification rates exceeded denitrification rates, at least during 
daylight hours. Furthermore, the fluxes of both DIN constituents were temperature or 
concentration dependent (Figure 2.7). This pattern goes against evidence from many 
estuarine wetlands that show an uptake of dissolved oxidized inorganic forms of nitrogen 
and export dissolved and particulate reduced forms (Nixon 1980).
Method comparison
I compared nitrogen fluxes measured using this technique to four other in situ 
mangrove flux methods in attempt to explain this latter phenomenon. I also sought to 
compare the effectiveness in measuring nitrogen flux using this method with the methods 
used in the other studies, at different spatial scales. These studies all focused primarily 
on DIN (N 0 3'+N02' and N H /) and were conducted in a variety of mangrove settings 
throughout the tropics (Table 2.2). I also included DIN data from a benthic flux study 
conducted at a nearby site in Taylor River (Table 2.2; Rudnick unpublished data). The 
method used to determine nutrient flux reflected both the spatial scale of the questions of
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Table 2.2- Comparison of this and other studies using different methods to quantify DIN fluxes in mangrove 
systems across the tropics. Annual fluxes of NH4+ and NOx' were taken directly from the literature or estimated 
from reported fluxes. A positive flux indicates an uptake by the wetland, whereas a negative flux indicates an 
export from the wetland to the overlying water column.
System attributes Coral Creeka Estero Pargob Ao Nam Borc Taylor Riverd this study
flux method creek flux flume benthic flux benthic flux enclsoure
trees in experimental unit yes yes no no yes
spatial scale of interest whole fringe intertidal sudtidal dwarf
estuary wetland sediments sediments wetland
tidal range (m) 2.5 0.5 2.0 0 0
% of day site is inundated 100 90 17 100 100
depth range (m) 6-8 0-0.5 04 0.54 0.1-0.5
NH4+ concentration range ( j iM ) 0.14.0 1 .1 -5 1 .7 0.1-2.8 0.1-5.1 0 .2 -5 .5
N H 4+ annual flux estimate (g m'2 yr'1) 0.15 0.53 6.83 3.28 -0.36
N O x‘ concentration range (fiM) 0.1-0.6 0.2-4.9 0.3-0.5 0.1-3.2 0 .3 -5 .4
N O x' annual flux estimate (g m'2 yr'1) -0.03 0.08 4.51 1 .2 -5.35
a Boto and Wellington 1988; Daytime sampling was conducted every 1-2 months over full tidal cycles for a period o f  16 months. 
b Rivera-M onroy et al. 1995; Flume sampling was conducted over one full tidal cycle per month, for 11 months. 
c Kristensen et al. 1988; Replicate light and dark benthic chambers were incubated for 1-1.5 hr. Only light chamber data are used here. 
d Rudnick unpublished data; Replicate light and dark benthic chambers were incubated for approximately 5-6 hr. Only light chamber flux 
data were used in this table.
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interest and the hydrodynamics at each of these sites. For example, Boto and Wellington 
(1988) used a typical Eulerian approach to determine whole estuary nutrient fluxes in 
Coral Creek, a macro-tidal creek with no upland source of freshwater, while Rivera- 
Monroy et al. (1995) used a flow-through flume to quantify nutrient exchange in a tidally 
flooded fringe mangrove wetland (Table 2.2). Furthermore, there was a range of water 
residence times and degrees of isolation of the experimental units (wetland) among these 
studies.
Short water residence times with no isolation of the system characterized Boto 
and Wellington’s (1988) creek flux study in Australia. They sampled a single point every 
0.5hr for entire tidal cycles (Boto and Wellington 1988). The Mexican flume study of 
Rivera-Monroy et al. (1995), on the other hand, involved the partial isolation of the 
wetland. This method limits dispersion by allowing for only a bi-directional flow of 
water. Here, water residence times were probably an order of magnitude longer, as the 
water flowing through the flume was flood or ebb driven. They collected samples at both 
ends of the flume every two hours over the course of a tidal cycle (Rivera-Monroy et al. 
1995). Kristensen et al. (1988) used benthic chambers to monitor DIN flux in a 
mangrove swamp in Thailand. These chambers completely isolated an area of subtidal 
sediment, without mangrove vegetation, and were sampled at the beginning and end of a 
1-1.5hr incubation (Kristensen et al. 1988), Finally, as a comparison of flux results in the 
Taylor River dwarf mangrove system, I used data from a similar benthic chamber study 
conducted in a shallow mangrove pond with a long residence time, approximately 2km 
south of the dwarf enclosure site. This study was conducted during the same four 
sampling periods as my enclosure study (Table 2.2).
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Estimated annual fluxes for N H / and NCV+NCV (shown in Table 2.2) were
either taken directly from the literature or estimated from published flux data. The lowest
values for both of these constituents were measured in Coral Creek where there was a
small import of NELf+ (0,15g m'2 yr'1) and an even smaller export of NCV+NCV (-0.03g 
¿2 „ i
m' yr"). There was also no apparent seasonality to the whole estuarine fluxes of either 
constituent (Boto and Wellington 1988; Table 2.2), This system is characterized by low 
concentrations of dissolved inorganic nutrients and the authors suggested that it appeared 
to be fairly well balanced in terms of input and output of these constituents (Boto and 
Wellington 1988). Similarly, ammonium flux in the Taylor River dwarf system was 
balanced by intra-annual shifts from export to import that appeared to be related to 
temperature (Figures 2.6 and 2.7b). Rivera-Monroy et al. (1995) found higher imports of 
both DIN constituents in Estero Pargo (Table 2.2). This fringe wetland was not balanced 
like the Coral Creek system, as the investigators found significant uptake of NHU+ and 
NO3 +NO2" in over 70% of the full tidal cycles monitored (Rivera-Monroy et al. 1995). 
Although the two benthic chamber studies were conducted in dissimilar mangrove 
systems, both found much greater uptake of N H / and NO3 +NO2' and had similar 
estimated annual fluxes for both DIN constituents (Table 2.2; Kristensen et al. 1988; 
Rudnick unpublished data). My flux results for N 0 3*+NC>2" were similar in magnitude 
only to the benthic flux studies, and different from them all in that I found nothing but 
N 0 3'+N02' export (Table 2.1).
I believe that these differences can be attributed to a few things. First, 
methodologically speaking, the flume and creek flux techniques operate on much 
different physical levels than the rest. These methods are not only dependent on
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concentration to quantify constituent flux but also the movement or flux of water. The 
interaction of these two factors can make it difficult to discern the influence of the 
wetland from the variability in the concentration of the water coming into the flume. 
Variability in current velocity can also affect the magnitude of constituent flux. For 
instance, high water fluxes can often magnify constituent fluxes, and vice versa. Also, in 
tidal systems, there is a regular diurnal or semidiurnal shift in the direction of water 
movement. This shift in direction can result in the repeated delivery of the same parcels 
of water past a given sampling point, which may confound the quantification of the actual 
wetland effect. Enclosure studies are different in that they monitor the same parcel of 
water for a given period of time, thus allowing for a more direct and easily quantifiable 
flux. However, the fact that they are enclosed prevents any determinations of exchanges 
between systems and places time constraints on the length of the incubation.
There was considerable difference in the patterns of flux between this study and 
the benthic flux study conducted just downstream in Taylor River. While I found net 
exports ofNOs'+NCY and N H /, Rudnick (unpublished data) found a consistent uptake 
of these two constituents at the same time. There are a few plausible explanations for 
this. First, these benthic chambers, like many others, contained no emergent vegetation 
and may or may not have contained submerged aquatic vegetation (SAY). Therefore, the 
benthic fluxes were mainly based on sediment-water column interactions. Since my goal 
was to directly determine wetland-water column exchanges, I included mangroves in the 
experimental units (enclosures). The presence of mangroves and the epibiont 
communities they support likely have a substantial effect on surface water chemistry (as 
shown by Ellison et a l 1996; Childers and Davis unpublished data). Next, the soils at
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these two sites are quite different from one another. The benthic chamber study was 
conducted in unconsolidated, organic-rich, subtidal sediment. In contrast, soils at the 
dwarf mangrove enclosure site were dense peats with little or no sediment layer. These 
differences in soil structure may also have accounted for some of the variability between 
these two sites.
The primary reasons for comparing studies using different flux techniques in 
different mangrove settings were 1) to get an idea of the possible ranges of constituent 
fluxes that existed on different ecological scales in this type of estuarine wetland, and 2) 
to demonstrate the efficacy of this method. My findings seemed to compare more 
favorably with those generated by techniques looking at within system exchanges rather 
than between system or whole estuarine exchanges and did not seem to be necessarily 
dependent upon similarities between sites. This reinforces the idea that the spatial and 
temporal scale of the question being asked should drive the choice of flux measurement 
techniques. This enclosure technique is appropriate for processes occurring within a 
small area (5-15m2) of wetland with long residence times over relatively short time scales 
(6-12hr). Future study in other dwarf mangrove wetlands or functionally similar wetland 
types during the day or night will allow a further examination of the utility of this 
technique.
Summary
I have presented a technique that allows for the quantification of nutrient 
exchange between a dwarf mangrove wetland and its associated water column. This 
particular usage was exercised in conjunction with standard water sampling procedures to
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quantify the seasonality in the fluxes of carbon, nitrogen, and phosphorus in an 
oligotrophic, perennially flooded, dwarf red mangrove wetland in Taylor River. This 
application provided an easily replicated and accurate means of determining nutrient 
dynamics over a short period of time. My findings suggest that the dwarf mangrove 
wetlands along Taylor River are a sink for TN, TP, and TOC and are a source of DOC 
and N O 3 + N O 2’. Nitrate+nitrite export was observed throughout the year intensifying 
during the dry season months, while the flux of NH4+ appeared to be 
seasonal/temperature-related switching from export during the warmer months to import 
during the cooler months. Although it was designed for a specific mangrove system, this 
method could easily be adapted to fit other nontidal or microtidal, shallow water wetlands 
to address these or numerous other ecological questions.
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Chapter 3:
Factors affecting the concentration and flux of carbon, nitrogen, and phosphorus in
a non-tidal dwarf mangrove wetland
Abstract
A two-year study was conducted to determine the influence of various factors on 
the concentration and flux of nutrients in a dwarf mangrove wetland of the southern 
Everglades. Triplicate dwarf mangrove island enclosures were sampled quarterly 
(August 96 - May 98) to quantify the wetland-water column exchanges of carbon, 
nitrogen, and phosphorus. Triplicate control chambers were added in Year 2 to help 
distinguish the influence of mangrove vegetation from sediment-water column processes 
on these exchanges. Only TN, DOC, and TOC showed an effect of season, with higher 
wet season concentrations than dry season. All nutrient concentrations, except SRP, had 
significant relationships with salinity or temperature. Many nutrient concentrations were 
significantly correlated with one another. Nutrient fluxes varied over the study period, 
however NO3 +NO2* and DOC were usually exported to the water column while N H /, 
TN, and TP were imported by the mangrove wetland. Nitrogen yielded significant flux 
relationships with temperature and salinity. Nitrate+nitrite flux was positively related to 
temperature, TN had a negative relationship with salinity, and ammonium flux showed 
negative relationships with both factors. Fluxes of N 0 3 '+N 0 2 -, TN, and TP were also 
significantly related to their respective concentrations. Control fluxes paralleled whole 
wetland fluxes in direction but not in magnitude. In many instances, fluxes were several 
times greater in the absence of mangrove vegetation, suggesting an influence of the trees.
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My findings also suggested that nutrient dynamics in this dwarf mangrove system were 
influenced by the aforementioned factors and may be affected by long-term changes in 
water delivery, climate, and sea-level rise.
Introduction
Studies of materials exchange in mangrove systems are becoming more prevalent 
in the estuarine literature. However, the forcing functions that regulate these exchanges 
are still poorly understood (Twilley 1998). Local hydrologic and geomorphologic 
characteristics are believed to play an important role in the flux of organic matter from 
estuarine wetlands (Odum et al. 1979). In fact, it is generally accepted that mangrove 
wetlands export organic matter in relation to tidal range (Twilley 1985; Lee 1995), 
although mangrove sediment may be an effective sink for DOC (Boto et al. 1989). At the 
present time, no such generalizations can be made for other ecologically important 
nutrients such as nitrogen and phosphorus. Consequently, there is a need for more 
mangrove research aimed at addressing these issues.
Nutrients can enter mangrove systems via a number of pathways (Boto 1982; 
Liebezeit 1985). Of these various pathways, precipitation, upland runoff, and tides are 
among the most important sources of organic and inorganic constituents to mangroves.
In many areas, these sources are characterized by seasonal highs and lows, which often 
lead to seasonal patterns of nutrient concentrations and sometimes flux (Twilley 1985; 
Rivera-Monroy et al. 1995; Ohowa et al. 1997). Furthermore, in some estuarine systems, 
the direction and magnitude of nutrient flux has been shown to correspond to nutrient 
concentrations (Wolaver and Spurrier 1988; Whiting et al. 1989; Childers 1994).
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Therefore, an understanding of the factors that regulate nutrient concentrations in 
mangroves may yield valuable insight into the factors that govern mangrove nutrient 
fluxes.
Water temperature and salinity are two of the most important factors controlling 
the global and local distributions of mangrove ecosystems along the world’s shorelines 
(Kuenzler 1974; Odum et al. 1982; Duke 1992). This control is manifested in the 
influence of these factors on the zonation and productivity of various mangrove species 
(Lugo and Snedaker 1974; Cintron et al. 1978; Ball 1988; Clough 1992). In tropical and 
subtropical areas, water temperatures typically indicate the season or time of year and 
may often reflect changes in air temperature and light intensity, while salinity is usually 
an indicator of season or physical position within an estuary. Fluctuations in either of 
these factors can have profound effects on forest and benthic productivity in mangrove 
wetlands (Alongi 1988; Alongi and Sasekumar 1992; Clough 1992). Therefore, they may 
be useful in explaining patterns of flux in mangrove systems. Similar effects have been 
observed in temperate saltmarsh systems, as phosphate uptake was shown to be positively 
related to salinity and temperature in a North Inlet, SC (Wolaver and Spurrier 1988).
Given the potential importance of these factors, such relationships may also exist 
for tropical mangrove systems. Thus, a study was conducted to determine the influence 
of seasonal factors on the concentration and flux of dissolved and total organic carbon 
(DOC and TOC), nitrogen (NOj'+NOi", N H /, and TN), and phosphorus (SRP and TP) in 
a non-tidal, dwarf mangrove wetland of the southern Everglades. This area is currently 
experiencing a hydrologic restoration in the form of a systematic, long-term increase in 
freshwater delivery. Therefore, an understanding of the relationship between short-term
38
nutrient dynamics and these seasonal factors may help predict the long-term effects of 
Everglades restoration on nutrient cycling. It was expected that season (wet vs. dry) and 
surface water salinity, temperature, and nutrient concentrations would all be useful in 
explaining nutrient dynamics in this system.
Materials and Methods 
Site description
This study was conducted in a non-tidal dwarf mangrove wetland of Taylor 
Slough, Everglades National Park (Figure 2.1). The dwarf mangrove area of Taylor 
Slough is dominated by Rhizophora mangle L. and is characterized by a distinct seasonal 
salinity pattern. Low salinity (0-5% o) persists in this area for much of the wet season 
(June-November), but in the dry season (December-May), salinity sometimes reaches 
above 30%o. This pattern is somewhat reflected in the daily salinity at the mouth of 
Taylor River, a major creek draining Taylor Slough into Florida Bay (Figure 2.2). Large 
fluctuations in salinity, independent of season, are also quite common in this area. These 
are often the result of irregular precipitation or wind events and do not persist for more 
than a week or two (Figure 2.2; personal observation).
The primary sources of wet season water and nutrients to this wetland are local 
precipitation and upland runoff from the freshwater Everglades marshes, whereas Florida 
Bay is typically the source during the dry season. These different sources have profound 
impacts on both the salinity and nutrient content of the surface water in wetlands of this 
area of the Everglades. Water temperature is also variable throughout the year as a result 
of air temperature, light intensity, and precipitation. Water temperatures in these dwarf
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mangrove wetlands generally peak during mid-summer and are lowest in early winter 
(Table 3.1).
Field, analytical and quantitative methods
Eight quarterly samplings of three dwarf mangrove island enclosures were carried 
out in order to quantify the fluxes of carbon, nitrogen, and phosphorus (refer to Chapter 2 
for a detailed description of this method). Sampling dates were strategically planned to 
include four wet and four dry season incubations (Table 3.1). Sampling began in August 
1996 and concluded in May 1998 (Table 3.1). Island enclosures were sampled initially 
before the walls were lowered, then at hourly intervals for six hours between mid- 
morning and mid-afternoon hours (Table 3.1). Water samples were also collected from 
outside each enclosure during these same intervals to monitor ambient changes in 
nutrients. In August 1997 (beginning of Year 2), I added triplicate control chambers to 
this sampling protocol. Control chambers contained no mangrove vegetation and were 
added to differentiate the effects of the mangrove vegetation from those of the water 
column and sediment-water processes. Cylindrical control chambers made of clear, 
transparent Lexan® were placed over bare peat soil adjacent to each enclosure (Figure 
2.3), and were sampled at the beginning and end of each six-hour incubation according to 
the same procedures used for the island enclosures.
All water samples were filtered (Whatman GF/F) immediately following each 
incubation and stored in HDPE sample bottles. Filtered samples were stored frozen and 
unfiltered samples were kept at 4° C until analyzed for nutrient content. All nutrient 
analyses were performed at the Southeast Environmental Research Center (SERC)
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Table 3.1- List of seasons, dates, times, and hydrologic data for each sampling 
of the dwarf mangrove island enclosures in Taylor Slough.
sampling sampling time salinity water level temperature
season date range (%o) change (cm) range (°C)
wet Aug. 18, 1996 1 1 : 3 0 -1 7 : 3 0 1.5 1 32.5-33
wet Nov. 12, 1996 11:00-17:00 0 1 27-28.5
dry Jan. 13, 1997 11:00-17:00 2.5-3 0 19-20
dry May 11, 1997 11:30-17:30 25-27 0.5 28-30
wet Aug. 1, 1997 11:30-17:30 0 0.5 33-33.5
wet Nov. 7, 1997 1 1 : 0 0 -1 7 : 0 0 0 1.5 26-27.5
dry Jan. 10, 1998 11:30-17:30 0 0 17-19
dry May 17, 1998 11:00-17:00 14-15 1 27-29
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laboratory at Florida International University. Unfiltered water samples were analyzed 
for total phosphorus (TP) according to a modification of the dry ashing, acid-hydrolysis 
technique (Solorzano and Sharp, 1980), total nitrogen (TN) using an Antee 7000N total 
nitrogen analyzer, and total organic carbon (TOC) using a hot platinum catalyst, direct 
injection analyzer (Shimadzu model TOC-5000). Filtered water samples were analyzed 
for soluble reactive phosphorus (SRP), ammonium (NFLt+), nitrate+nitrite (NOs'* NO2 '), 
and nitrite (NO2’) on a four-channel auto-analyzer (Alpkem model RFA 300), and for 
dissolved organic carbon (DOC) using the same method listed above for TOC.
Hourly measurements of salinity and temperature were made with an analog S-C- 
T meter (YSI Model 33). Water level was also monitored inside each enclosure at hourly 
intervals, and used in conjunction with island survey data to track changes in enclosure 
volume over the course of the incubations (Chapter 2). To estimate the total mass of 
nutrients (inmoles) in each enclosure at interval = i, nutrient concentrations were 
multiplied by island volume at interval = t. Mass estimates from each interval were then 
subtracted from the initial mass of nutrients (interval = 0 ), normalized to enclosure 
wetland/island area (m2), and regressed with time (hours) to track changes (i.e. fluxes) of 
nutrients (Figure 2.4). I considered the significant slopes (p<0.1) from these regressions 
as net areal fluxes (jamóles m'2 hr”1) and calculated standard errors of flux when more 
than one enclosure displayed a significant flux for a given constituent (Chapter 2). An 
alpha level of 0 . 1  was chosen for the flux regression procedure in order to compensate for 
the small sample size (n= 6  for each enclosure incubation). When at least two enclosures 
yielded a significant flux of a given constituent, a one-sample t-test was used to test if the 
fluxes were significantly different from zero (p<0.05).
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I sampled control chambers only at the beginning and end of the incubations to 
prevent soil disturbance and to maintain a minimal head difference between the water 
level outside and inside the control. Triple rinsing of the sampling apparatus and the 
collection of one sample generally resulted in a lowering of the water level inside the 
control chamber by approximately 2-3 cm. This difference was always negligible by the 
time the next sample was collected six hours later. Volume estimates of the control 
chambers were made by multiplying water level inside each chamber by the circular area 
of each cylinder. The total mass of nutrients for each sample was calculated as the 
product of the concentration and estimated control chamber volume. Net areal fluxes 
(limóles m ' 2 hr"1) were calculated as the difference in mass of nutrients (finióles) between 
the initial (t=l) and final (t=6 ) sample, divided by the product of control chamber area 
(0.102 m2) and time ( 6  hours). Finally, the significance of control fluxes was determined 
using one sample t-tests, testing the hypothesis that the flux means (n=3) were 
significantly different (+or-) from zero.
Using ambient nutrient concentrations and significant fluxes for each 
enclosure/sampling event, one-factor ANOVAs were performed to test for year and 
season effects. Fisher’s Pairwise Least Significant Differences test (Fisher’s PLSD) was 
then used as a post-hoc test to determine differences in means following each significant 
ANOVA (StatView 5). Temperature and salinity data are presented as ranges (Table
3 .1 ), but were averaged for each sampling and used as variables in a correlation matrix 
with mean nutrient concentrations for each enclosure/sampling. To test for correlation 
significance (p<0.05), I used Fisher’s r to z transformation to generate a p-value for each 
correlation (StatView 5).
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Temperature and salinity means were also used as independent variables in simple 
linear regressions to explore the relationships between these factors and nutrient fluxes. 
For all significant flux regressions (p<0.05), I estimated an import/export switch (I/E), 
after Childers (1994) and Childers et al. (1999), as a prediction of the point along the X- 
axis (temperature or salinity) at which flux in this dwarf system shifted from import to 
export, or vice versa. Finally, I regressed concentration (independent variable) with 
significant fluxes (dependent variable) to determine the relationship between these two 
parameters. An I/E switch was estimated for each significant (p<0.05) regression to 
indicate the predicted concentration at which flux shifted from import to export, or vice 
versa.
Definitions
In this manuscript, the terms “uptake” and “import” will always infer an uptake of 
nutrients by the wetland under investigation. Nutrient uptake is measured as a depletion 
of nutrients from the water column over time. The terms “export” and “release” will be 
used to infer a discharge of nutrients from the wetland into the overlying water column. 
This phenomenon is measured as an accumulation of nutrients in the water column over 
time. Since the mangrove wetland is the point of reference in this study, imports and 
exports will be presented graphically as positive and negative values, respectively. When 
explicitly defined as “exports” in the text, export fluxes will be presented as non-negative 
values to prevent any confusion.
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Results
Surface water characterization
Surface water salinity and temperature in this dwarf mangrove showed little 
variability over much of the two years. Salinity remained between 0 and 3%o during all 
wet season and early dry season (January 97 and 98) samplings (Table 3.1). Only during 
the late dry season (May 97 and 98) did salinity reach meso- to polyhaline conditions 
(Table 3.1). Water temperature fluctuated between 26-33.5°C for most of the study, but 
was considerably lower in January 97 and 98 than all other samplings (17-20°C; Table
3.1). This is similar to the annual pattern in water temperature for mangroves in Laguna 
de Terminos, Mexico (Rivera-Monroy et al 1995). Finally, water level change at the 
Taylor Slough dwarf mangrove site reflected the non-tidal nature of this region. Water 
level variability within a given sampling was trivial (usually <lcm; Table 3.1), and the 
range of water level change over the entire two-year study was only 0.16m.
Ranges of N 0 3 *+N0 2 _ and N H / concentrations were similar to each other 
between August 96 and May 98 (0.1-5.5|iM; Figure 3.1), neither showing an influence of 
season. However, NO3+NO2' concentrations were significantly higher during the first 
year of sampling (Table 3.2) and showed little within-sampling variability (<1jiM), 
except for the dry season of 1997 (Figure 3.1). Ammonium, on the other hand, was more 
variable within a given sampling, and was always highest in the early dry season (up to 
5.5fiM) and lowest in the late dry season (down to 0.1 (iM; Figure 3.1). Wet season 
concentrations of N H / were in between this range (1.2-4|iM; Figure 3.1). Total nitrogen 
showed a significant influence of season (Table 3.2), with concentrations as high as 
94^M during the early wet season and as low as 46|iM in the late dry season (Figure 3.1).
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Figure 3.1- Box-and-whisker plots of ambient water column nutrient concentrations (|xM) at dwarf mangrove site 
during each sampling (n=36 for all). Letters represent significant differences between samplings (ANOVA, p<0,05).
Table 3.2- Results of one-factor ANOVA tests of 
concentration vs. Year and concentration vs. season 
from a Taylor Slough dwarf mangrove wetland.
Concentration vs. Year
constituent p-value post-hoc results
N 0 3 '+N 02~ p = 0.0169 Year 1 > Year 2
TP p = 0.0186 Year 1 < Year 2
DOC p = 0.0046 Year 1 > Year 2
TN:TP P = 0.0264 Year 1 > Year 2
Concentration vs. Season
constituent p-value post-hoc results
TN p = 0 . 0 0 1 2 wet > dry
DOC p = 0.0004 wet > dry
TOC p < 0 . 0 0 0 1 wet > dry
TN;TP P = 0.012 wet > dry
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All samplings combined, dissolved inorganic nitrogen (DIN=N0 3 > N 0 2 "+NH4+) made up 
<10% of the total nitrogen content of the surface water in this mangrove wetland. The 
remainder of the TN fraction was likely dissolved organic in nature.
Phosphorus availability (especially SRP) in the Everglades and Florida Bay is 
extremely important, as it has been demonstrated to be the nutrient that limits primary 
production (Fourqurean et al. 1992) and microbial respiration (Amador and Jones 1993 
and 1995). Soluble reactive phosphorus in the dwarf mangrove site was usually between 
0.01 and 0.1 (iM (Figure 3.1), and in many samples was below the limit of detection 
(<0.01 fiM). However, SRP concentrations were abnormally high (0.18-0.46 |iM) during 
the May 98 sampling (Figure 3.1). Similarly, TP showed little variability throughout this 
study, aside from the high concentrations during May 98 (0.74-1.32|iM; Figure 3.1). 
Combined with slightly elevated TP concentrations in August and November 97, this led 
to significantly higher mean TP concentration during Year 2 of this study (Table 3.2).
Soluble reactive phosphorus was usually <10% of the total phosphorus in the 
surface water. However, this percentage jumped to 25% in August 96 and >30% in May 
98, demonstrating that labile SRP can be a substantial component of the surface water P 
in this wetland. Furthermore, the DIN:DIP (SRP) molar ratios were quite low during 
these two samplings, ranging from 4.5 in May 1998 to 78 in August 1996 (Figure 3.2). 
All other samplings yielded DIN:DIP ratios between 53 and 491 (Figure 3.2). Total 
nitrogen:total phosphorus (TN:TP) ratios fluctuated over the same scale, varying between 
55 and 286 (Figure 3.2), but displayed a significant seasonal trend (Table 3.2). These 
ratios were also much more stable within a given sampling than DINiDIP ratios (Figure
3.2). Total nitrogen:total phosphorus ratios were also significantly higher during Year 1,
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Figure 3.2- Plot showing mean DIN:DIP (□) and TN:TP ( • )  molar 
ratios in the surface water of the dwarf mangrove site over the two-year 
study period. Error bars represent standard deviations.
most likely as a combined result of the low Year 1 mean TP concentration and the high 
August 96 (Year 1) TN concentration range (Table 3.2 and Figure 3.1).
Concentrations of DOC and TOC in the dwarf mangrove were quite similar 
throughout this study (Figure 3.1). In fact, for all samplings, >90% of the total organic 
carbon in the surface water was in the dissolved state, reflecting the low terrestrial 
sediment load common to carbonate settings (Woodroffe 1992). These constituents also 
displayed a similar seasonal pattern (Figure 3.1), with highest concentrations during the 
early wet season (August) and lowest concentrations during the late dry season (May; 
Table 3,2).
Many of these constituents showed significant correlation with salinity or 
temperature (Figure 3.3). Total nitrogen and organic carbon concentrations were both 
negatively linked to salinity and positively linked to temperature. Ammonium, on the 
other hand, showed a strong negative association with both factors (Figure 3.3). There 
were also many instances of concentration correlation between nutrients. Most notably, 
SRP and TP had strong positive correlation as did TN, DOC and TOC (Figure 3.3). Both 
DIN constituents also showed a fairly strong association with one another (Figure 3.3).
Flux results
I had much success in measuring exchanges of nitrogen in this dwarf mangrove 
system. There were only two samplings in which significant net areal fluxes of TN were 
not measured in every enclosure and only one for N 0 3 *+N0 2 _. Ammonium flux was 
measured in every enclosure during every sampling (Figure 3.4). Nitrate+nitrite export 
and NH4+ and TN import occurred in six of eight samplings (Figure 3.4). Export of
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salinity temperature N 0 3 "+N02 NH4 + SRP TP TOC DOC TN
salinity _
temperature _
N 0 3 -+N 0f -.573
NH4+ -.606 -.631 .588 -
SRP .377 -.427 _
TP .436 -.477 -.549 .916 -
TOC -.383 .631 -.445 _
DOC .504 -.413 -.581 .916 _
TN -.477 .430 .826 .634
Figure 3.3- Matrix showing significant correlations (p<0.05) between salinity, temperature, and nutrient 
concentrations in a Taylor Slough dwarf mangrove wetland.
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Figure 3.4- Bar charts showing significant net areal fluxes (fimoles m ' 2  hr'1) of nutrients in each replicate enclosure over the course 
of this study. Different colors represent each of three dwarf mangrove islands sampled in this study. Positive values indicate an 
uptake by the wetland and negative values signify an export to the water column. There was only one instance of disagreement in 
significant fluxes between replicate enclosures (TOC in November 1997).
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NO3 +NO2' ranged from 7.2 to 151.1 fimoles m 2 hr'1» while imports were only between 
5.4 and 15.6 fimoles m ' 2  hr* 1 (Figure 3.4). Ammonium fluxes were within a much 
narrower range, with uptakes only as high as 34.5 fimoles m ' 2  hr' 1 and exports never 
exceeding 42.4 fimoles m"2  hr' 1 (Figure 3.4). Total nitrogen import ranged from 79.2 to
n 1
575.8 fimoles m' hr* (Figure 3.4). Export of TN occurred only in May 97.
Measuring wetland-water column exchange of phosphorus proved to be more 
difficult as concentrations were often quite low (Figures 3.1 and 3.4). Soluble reactive 
phosphorus dynamics were highly variable with only one sampling yielding fluxes in all 
three enclosures (Figure 3.4). Overall, SRP flux ranged from -2.9 to 4.3 fimoles m'2 hr'1. 
Total phosphorus exhibited many more instances of measurable net areal flux. Four of 
these were uptakes ranging from 2.2 to 7.9 fimoles m"2  hr' 1 (Figure 3.4). Export of TP 
was observed only in November 96 (all three enclosures) and August 97 (one enclosure; 
Figure 3.4).
The dynamics of TOC and DOC were expected to be similar to one another since 
much of the organic carbon in this system was in the dissolved form (Figure 3.1). This 
was true for the most part. When measurable, DOC tended to be exported. In fact, there 
were only two instances of DOC uptake in this dwarf mangrove (Figure 3.4). Total 
organic carbon fluxes were measured in at least two enclosures during every sampling, 
and shifted irregularly from uptake to export (Figure 3.4). Comparing these two 
constituents, I found that when fluxes were measured for each, TOC and DOC fluxes 
were similar in direction and magnitude for all samplings except May 98. During this 
particular sampling there was an overwhelming uptake of TOC with an export of DOC 
(Figure 3.4).
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Analyses of variance revealed that a few of these fluxes varied from one year to 
the next or from one season to the next, Nitrate+nitrite showed an influence of both, as 
exports were significantly greater in Year 1 and during the dry season (Table 3,3). 
Ammonium showed greater uptake during Year 1, while TOC uptake was greater during 
Year 2 (Table 3.3). Total phosphorus flux was also affected by season, with more uptake 
occurring in the dry season than the wet season (Table 3.3).
A number of significant regression relationships also existed between nutrient 
flux and salinity, temperature, or nutrient concentration. Fluxes ofNFLi* and TN showed 
negative linear relationships with salinity (Table 3.4). The concentrations of both these 
constituents were negatively correlated with salinity as well (Figure 3.3). Ammonium 
fluxes had a negative relationship with temperature, as did ammonium concentrations 
(Table 3.4 and Figure 3.3). Although NOs'+NOz' concentrations correlated negatively 
with temperature, the flux of this constituent was positively linked with temperature 
(Figure 3.3). Regression results also revealed a negative relationship between the 
concentration and flux of this constituent. Furthermore, as N 0 3  +N0 2 - concentrations 
increased to approximately 0.74jaM in this dwarf mangrove, flux shifted from import to 
export (Table 3.4). Total nitrogen and phosphorus flux were also related to their 
respective concentrations, however these relationships were positive (Table 3.4). Given 
the importance of phosphorus availability in this system, I explored the possibility of 
similar relationships between nutrient fluxes and TN:TP or DIN:DIP ratios. No such 
relationships existed.
Flux measurements from the dwarf mangrove island enclosures and control 
chambers were tested for significance and averaged across replicates. Mangrove island
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Table 3.3- Results of one-factor ANOVA tests of flux vs. year 
and flux vs. season in a Taylor Slough dwarf mangrove wetland.
Flux vs. Year
constituent p-value post-hoc results
NO3 +NO2
n h 4+
TOC
p = 0 . 0 1  
p = 0.0027 
p = 0.017
greater export in Year 1 
greater uptake in Year 2 
greater uptake in Year 1
Flux vs. Season
constituent p-value post-hoc results
NO3+NO2'
TP
p = 0.0069 
p = 0.0485
greater export during dry season 
greater uptake during dry season
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Table 3.4- Simple regressions of nutrient flux vs. salinity, temperature, and 
concentration. The r-squared, slope, and Y-intercept from all significant 
regressions is shown. I/E switch indicates the predicted point along the X-axis 
at which flux shifts from export to import or vice versa.
Flux vs. Salinity
constituent r-squared p-value slope Y-intercept I/E switch
n h 4+ 0.351 0.0023 -1.318 16.845 1 2 . 6
TN 0.301 0.0151 -11.066 294.81 26.3
Flux vs. Temperature
constituent r-squared p-value slope Y-intercept I/E switch
NO3 + NO2 0.259 0.0155 3.268 -113.236 35.1
n h 4+ 0.364 0.0018 -2.278 69.621 30.7
Flux vs. Concentration
constituent r-squared p-value slope Y-intercept I/E switch
NO3 + NO2 0.644 <0 . 0 0 0 1 -33.06 24.796 0.74
TN 0.346 0.008 9.037 -330.09 36.4
TP 0.397 0.0089 9.674 -2.789 0.29
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enclosure fluxes were nearly always the same direction as fluxes measured in the control 
chambers (Figure 3.5). However, the magnitude of flux between these methods was quite 
different. Whenever both were significant, the control chamber fluxes were significantly 
higher than those measured in the island enclosures (unpaired t-test, p<0.05).
Interestingly, all of these cases occurred during the same three samplings. They included 
N 0 3 '+N 02‘ in August 97 and January 98 and N H / in August 97 and January and May 98 
(Figure 3.5).
The estimated annual fluxes of materials in this system varied somewhat between 
Years 1 and 2. During Year 1, total nitrogen was imported, but more than 1/4 of this was 
exported back to the water column as DIN (Figure 3.6). Total phosphorus uptake 
(0.08|iM m"2  yr-1) was balanced by SRP export (0.1 lfiM m“2  yr"1), and over 25% of the 
TOC imported during Year 1 was exported as DOC (Figure 3.6). During Year 2, slightly 
more TN was imported, but a small fraction of this was associated with NH4 + uptake 
(Figure 3.6). Total phosphorus was imported again, however more than half of the 
phosphorus taken up may have been in the soluble reactive form. Finally, there was a net 
export of organic carbon during Year 2, the majority of which was in the form of DOC 
(Figure 3.6).
Discussion
The results of this study indicate a consistent uptake of total nitrogen and total 
phosphorus by the dwarf mangrove wetland. Ammonium was also consistently imported, 
especially during Year 2, with a portion of this pool being transformed into an oxidized 
inorganic form (NOx‘) and released back into the water column. Other mangrove flux
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Figure 3.5- Bar charts showing average net areal fluxes (± SE) of nutrients in dwarf mangrove island enclosures (black) and 
control chambers (white; year 2 only). Positive values indicate an uptake by the wetland and negative values signify an export to 
the water column. Note that different methods were used to calculate fluxes for each design. Asterisks indicate fluxes that are not 
significantly different from zero (one-sample t-test, p<0.05).
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Figure 3.6- Estimates of annual fluxes (g m ' 2  yr'1) of nutrients in the dwarf mangrove 
wetland of Taylor Slough during Year 1 (top) and Year 2 (bottom) of this study.
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studies have shown consistent uptake of both DIN constituents (Kristensen et al. 1988; 
Rivera-Monroy et al. 1995). Total organic carbon flux was balanced between net uptake 
in Year 1 and net export during Year 2, while dissolved organic carbon was clearly 
exported over the two-year study. This pattern of DOC export is likely attributed to the 
leaching of plant tissues (i.e. leaves) and is contrary to what has been shown in a tidal 
mangrove in Australia (Boto et al. 1989). Patterns of reactive phosphorus dynamics were 
indecipherable, as measurable fluxes were few and far between.
Compared to other mangrove forest types, relatively little ecological work has 
been conducted in dwarf mangrove systems. The majority of this research has focused 
on dwarf mangrove seedling development (Koch and Snedaker 1997), litterfall (Twilley 
et al. 1986), herbivory (Feller 1995), or nutrient enrichment effects (Twilley 1995; Feller 
1996; Koch 1997), My project is one of the first studies of nutrient dynamics in a dwarf 
mangrove. Consequently, it is difficult to compare the results of this study to other dwarf 
mangrove systems. The shallow, non-tidal nature of Taylor Slough allowed for the 
opportunity to enclose sufficiently large areas of dwarf mangrove for the purpose of 
measuring the wetland-water column exchanges of nutrients. Furthermore, the strong 
seasonal character of the mangrove transition area of Taylor Slough hinted at the 
possibility for seasonal controls on nutrient concentrations and fluxes. The relationships 
between these factors and nutrient dynamics allow for comparison with other mangrove 
and even other temperate estuarine systems.
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Factors related to nutrient concentrations
Many of the constituents examined in the present study showed significant 
correlation with water temperature or salinity (Figure 3.3). In this study, temperature was 
negatively related to DIN concentrations and positively related to TN, TOC, and DOC 
concentrations. Temperature relationships with concentration have been reported for 
other estuarine systems. For example, Wolaver and Spurrier (1988) found that particulate 
phosphorus and SRP concentrations in North Inlet, SC were positively correlated with 
water temperature. In Taylor Slough, SRP and TP concentrations were not correlated 
with temperature but instead with salinity (Figure 3.3). High SRP and TP concentrations 
were generally associated with high salinity (Figure 3.3). Nixon et al. (1984) found the 
opposite pattern for inorganic phosphorus in two Malaysian mangrove creeks. They also 
found a negative relationship between salinity and dissolved and organic nitrogen 
concentrations, similar to the pattern shown by N H / and TN in the present study (Figure 
3.3; Nixon et al. 1984).
Aside from temperature and salinity effects in Taylor Slough, there were also 
several constituents whose concentrations were correlated with those of other 
constituents. A high degree of correlation (r=0.916) existed between TP and SRP 
concentrations (Figure 3.3). This suggests that SRP availability is controlled by 
concentrations of TP, much of which is likely in the dissolved organic form. Total and 
dissolved organic carbon and total nitrogen were positively correlated to each other, 
indicating that much of the TN in this dwarf mangrove may be organic in nature (Figure 
3.3). Boto and Wellington (1988) found that DON and DOP were correlated with each 
other but not with DOC in Coral Creek. They concluded that the DOC in this system
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contained low amounts of N and P, and instead was composed mostly of humic or 
polyphenolic compounds (Boto and Wellington 1988). These organic components are 
found in high concentrations in the leaf tissue of many mangrove species, especially in 
members of the Rhizophoraceae Family (Robertson et al. 1992).
Total and dissolved organic carbon and total nitrogen concentrations as well as 
TN:TP molar ratios in the Taylor Slough dwarf site were not only correlated, they also 
varied according to season (Figure 3.3 and Table 3.2). Assuming Boto and Wellington’s 
(1988) conclusions are true for this Rhizophora-dominated system, then there must be a 
non-mangrove source of organic matter to this system producing the relationship between 
organic carbon and total nitrogen. The likely source is upland runoff from the freshwater 
Everglades marshes. During the wet season, high precipitation produces a net southerly 
flow of water (and nutrients) from the Everglades, through the mangrove transition zone, 
and out to Florida Bay. There was no such upland source of water and nutrients in Coral 
Creek, as it is a purely tidal-driven system.
Other studies have also reported seasonal relationships for these and other 
constituents in both mangrove and salt marsh systems. At a mangrove site near Laguna 
de Terminos, Rivera-Monroy et al. (1995) observed a seasonal pattern for DON and PN 
(DON+PN-TN-DIN), with highest concentrations during the wet season (Table 3.2).
The same investigators also measured the highest concentrations of NFL|+ and N 0 3 > N 0 2 ’ 
during the frontal season (‘el Norte’; Rivera-Monroy et al. 1995). In Gazi Bay, Kenya, 
the highest concentrations of DIN and DIP were found during the wet season when 
seasonal rivers discharge into it (Ohowa et al. 1997). Finally, Wolaver et al. (1988) 
found highest concentrations o fN H / during the late summer and early fall in North
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Inlet, SC. High NFL*4- concentrations during that time of the year corresponded to the 
highest NH4+ uptake rates (Wolaver et al. 1988).
Factors related to nutrient fluxes
Many of the aforementioned factors have also been linked to the flux of materials 
in tropical and temperate estuarine systems. For instance, exports of DOC and TOC on 
the west coast of Florida have been associated with seasonal patterns in precipitation and 
tide height (Twilley 1985). No seasonally related flux patterns were observed for either 
of these parameters in the Taylor Slough dwarf mangrove. Nevertheless, I found that the 
fluxes of the different nitrogen constituents (N0 3 _+N0 2 \  NH¿|+, and TN) were all related 
to changes in season, salinity, or temperature (Tables 3.3 and 3.4). Other studies have 
found similar relationships with nitrogen and even phosphorus dynamics. Nitrate + 
nitrite was usually exported from the wetland to the water column in the Taylor Slough 
system. These exports were greatest during the dry season (Table 3.3). Rivera-Monroy 
et al. (1995) measured NO3 +NO2' uptake in most of their flume samplings. However, a 
significant export of M V + M V  was measured during the only dry season sampling 
(April 91; Rivera-Monroy et al. 1995). Boto and Wellington (1988) recorded 9 (out of 
13) instances of significant N 0 3 _+N0 2 ‘ export from Coral Creek, Australia. These 
exports, however, were neither linked to season or any other environmental factor such as 
salinity or temperature.
Ammonium and TN fluxes in the island enclosures decreased with increasing 
salinity (Table 3.4), showing the same negative association with salinity as their 
respective concentrations (Figure 3.3). Wolaver and Spurrier (1988) observed that high
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ortho-phosphate uptake corresponded to high salinity at a creekside site along Bly Creek, 
North Inlet, SC. These fluxes also showed a positive correlation with temperature and 
or/Zio-phosphate concentrations (Wolaver and Spurrier 1988). At the same site and time, 
DIN uptake peaked during late summer and early fall and also corresponded to surface 
water concentrations (Wolaver et al. 1988; Whiting et al. 1989). In the present study, 
N 0 3 "+N02" uptake appeared to increase with temperature, however the predicted I/E 
switch (35,1°C) was above the highest measured temperature in this system. Also, NO3 ' 
+NO2 ' exports were high when concentrations were high, and vice versa (Table 3.4). 
Similarly, Rivera-Monroy et al. (1995) observed some of their highest PN and DON 
exports when concentrations were highest. In Taylor Slough, high surface water 
concentrations of TN led to increased TN uptake. Additionally, as more TP became 
available, the import of it increased as well. The same trend was observed for particulate 
phosphorus in Bly Creek (Wolaver and Spurrier 1988).
Conclusions
My study indicates a moderate degree of variability in concentration and flux of 
nutrients in this dwarf mangrove. Some of this variance was explained by the factors 
investigated. However, the relationships between the actual processes controlling 
nutrient dynamics and the underlying forcing functions are still unknown. The potential 
influence of these seasonal factors on the concentrations or fluxes of nutrients are 
numerous, including the affect on microbial activity, enzyme-catalyzed reactions, 
diffusive fluxes, evapostranspiration rates, primary productivity, etc. I simply determined
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the presence of these relationships rather than the actual “cause and effect” of these 
seasonal factors.
In this non-tidal environment, seasons are determined mainly by precipitation 
patterns that result in different sources of water and, thus, nutrients and salinity to the 
mangrove wetlands throughout the year. Therefore, season alone can account for much 
of the variability in nutrient dynamics. Different seasons can also be characterized by 
differences in leaf litter turnover (Wafar et al. 1997), a potenitally large and instantaneous 
source of carbon, nitrogen, and phosphorus to the water column. Regardless, many 
potentially important relationships were revealed in this study. Some of which may lead 
to further research on the actual effects of these environmental factors on the 
biogeochemical processes controlling the cycling of nutrients.
The southeastern region of Everglades National Park (including Taylor Slough) is 
currently experiencing a hydrologic restoration. The goal of this restoration effort is to 
reestablish more “natural”, pre-drainage conditions by diverting more freshwater back 
into Taylor Slough and the rest of the southern Everglades. This change will 
undoubtedly alter the long-term salinity and temperature patterns in this system. 
Therefore, it is necessary to generate a better understanding of the relationships between 
nutrient dynamics and these physical factors. Studies addressing these issues will lead to 
more insight concerning the long-term implications of this change. Furthermore, an 
approach such as the one taken in this study also allow one to make long-term predictions 
concerning the changes associated with global climate change and sea-level rise.
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Chapter 4:
Factors affecting the concentration and flux of nutrients in a southern Everglades 
fringe mangrove wetland -  An application of a new flow-through flume design.
Abstract
Replicate, modified flow-through flumes were used to determine seasonal fluxes 
of carbon, nitrogen, and phosphorus in a creek-side fringe mangrove wetland of Taylor 
River, Everglades National Park, Florida. Consecutive days of sampling were conducted 
on a quarterly basis (beginning in November 1996 and ending in August 1998) to 
determine the factors that influenced the concentration and flux of materials such as 
salinity, season, water source, flume volume, and temperature. Only 6 6  significant fluxes 
out of a possible 224 (7 constituents x 16 sampling days x 2 flumes) were observed. 
Ammonium concentrations were highest during the dry season, and total phosphorus 
concentrations were highest during the wet season. Nitrate+nitrite and SRP were highest 
when water was flowing north from Florida Bay. However, TN, TP, TOC, and DOC 
concentrations were highest when flow was towards Florida Bay. Neither season nor the 
direction of flow affected nutrient flux in lower Taylor River, as fluxes were highly 
variable from one sampling to the next. Also, there was no effect of salinity or 
temperature on nutrient concentrations or fluxes. However, there were strong 
relationships between the concentrations and fluxes of nitrate+nitrite and ammonium. In 
both cases, increased concentration coincided with increased uptake by the wetland. One 
possible explanation for the variability in these flux data may be the overriding influence 
of concentration fluctuations over time in Taylor River. There were multiple instances of
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large increases or decreases in concentration at the upstream sampling stations. 
Phenomena such as these may have masked any influence of the areas of wetland isolated 
by the flumes. Estimations of annual flux for each constituent revealed uptake of nearly 
all constituents over the two-year study period. Nitrogen flux data from this study 
compare favorably with those of another mangrove flume study conducted in Mexico. 
Annual fluxes of phosphorus and organic carbon were also comparable to a creek flux 
study conducted in Australia. However, the lack of significant fluxes from many of the 
samplings makes it difficult to draw any definitive conclusions about this system.
Introduction
Ecologists have been speculating on and trying to quantify the exchanges of 
materials between coastal wetlands and near-shore waters for some 40 years now (Teal 
1962; Nixon 1980; Childers et a l l  999). The vast majority of these works were inspired 
by the Outwelling Hypothesis that was developed in the mid- to late 1960’s (Odum and 
de la Cruz 1967). Although studies testing this concept have not actually proven the 
hypothesis, they have led to a better understanding of the influence of various factors on 
wetland-estuarine and estuarine-ocean interactions. Of these, tidal range, freshwater 
flow, and seasonal factors have been shown to among the more pervasive controls (Odum 
et al. 1979; Wolaver et al. 1983; Twilley 1985; Childers et al. 1999; Rivera-Monroy et a l 
1995; Chapters 2 and 3).
Another outcome of these studies has been the advancement of a number of tools 
and, sampling protocols for determining wetland-water column exchanges of materials. 
Among these, the flume technique has proven effective in a number of temperate
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estuarine wetland systems (Wolaver et al. 1983; Wolaver et al. 1985; Chalmers et al.
1985; Childers 1994; among others). Whether sampling is conducted at one end from an 
array of points or at both ends from a single point, this rather simple in situ technique 
allows for the direct quantification of the effect of a wetland on water column nutrient 
concentrations. While flume studies have frequented the body of literature from 
temperate estuaries for much of the past two decades, this technique has been utilized in 
tropical mangrove systems on just a few occasions (Twilley 1985; Rivera-Monory et al. 
1995).
The number of mangrove flux studies in general has increased dramatically over 
the past fifteen years. This surge has most likely stemmed from the deterioration of water 
quality in many tropical coastal areas as a result of deforestation, freshwater diversion, 
coastal development, and oil spills (Twilley 1998). By and large, the focus of these 
studies has been on the exchange of organic matter between the mangrove and near-shore 
environment (Boto and Bunt 1981; Twilley 1985; Woodroffe 1985; Flores-Verdugo et al. 
1987; Robertson 1988; among others). However, there have been a few studies that have 
quantified the exchange of nutrients within mangroves and between mangroves and near­
shore environments (Boto and Wellington 1988; Kristensen et al. 1988; Rivera-Monroy 
et al. 1995; Chapter 2). While it is generally thought that mangroves export organic 
matter in relation to tidal energy (Odum et al. 1979; Lee 1995; Twilley 1995; Twilley 
1998), the fate of nutrients in estuarine mangrove systems is still poorly understood 
(Rivera-Monroy et al. 1995). Furthermore, little is known about the exchanges of organic 
and inorganic nutrients (primarily carbon, nitrogen, and phosphorus) in non-tidal, 
seasonally driven mangrove systems.
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I developed and utilized modified, replicate, in-channel flow-through flumes in a 
non-tidal, creek-side fringe mangrove of the southern Everglades to quantify the fluxes of 
carbon, nitrogen, and phosphorus. The purpose of this study was not only to quantify 
nutrient exchange between the mangrove wetland and the water column but also to 
determine the factors that influence these exchanges. The hydrology of the southern 
Everglades is currently being restored to historical patterns through a systematic increase 
of freshwater flow in both the wet and dry seasons. This restoration is already resulting 
in more freshwater delivery to the mangroves of the southeast Everglades and to 
northeast Florida Bay. The communities that might be most affected by this change are 
the mangroves that lie at the interface of the mainland and Florida Bay.
In order to assess the long-term implications of increased freshwater to the 
mangroves of the southern Everglades, an understanding of the relationship between the 
potential factors affected by this change, and mangrove wetland-water column 
interactions is needed. Therefore, I sought to determine the factors influencing the 
concentrations and fluxes of these constituents, primarily season, water source, and 
salinity. As a number of salt marsh and mangrove flux studies have shown, I 
hypothesized that these factors would have a significant effect on nutrient and organic 
matter concentrations as well as the magnitudes and patterns (uptake or export) of flux of 
these constituents. This study was unique not only because it was the first application of 
the flume design in a non-tidal mangrove system, but also because it was the first use of 
side by side flumes within a creek channel.
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Site Description
This study was conducted in a mangrove creek draining Taylor Slough, southern 
Everglades National Park. Taylor Slough is the largest natural drainage for freshwater in 
the southern Everglades. It is located in the southeast comer of ENP and feeds numerous 
mangrove creeks that empty into northeastern Florida Bay. One of the most important of 
these channels is Taylor River (Figure 4.1).
Taylor River is a fairly small channel (approx. 10m wide and l-2m deep) that 
links a number of small, shallow mangrove ponds along the north-south gradient of the 
salinity transition zone of the southern Everglades. Although it empties into Florida Bay 
via Little Madeira Bay, Taylor River is not significantly affected by tides. In fact, the 
direction and velocity of water flow in Taylor River is driven mostly by the interactions 
of precipitation, wind, and upland runoff (Sutula 1999). This produces a characteristic 
seasonal pattern in salinity and nutrients in this system (Figure 2.2). For Florida Bay, this 
salinity pattern combined with high evapotranspiration often results in the largest annual 
range in salinity (Mclvor et al. 1994). Another outcome of the non-tidal character of this 
creek is cross-sectional homogeneity of nutrients, suspended solids, and chlorophyll a 
throughout the year (Sutula 1999). Generally speaking, the upstream freshwater 
Everglades marshes are the source of water and materials to Taylor River during the wet 
season (south flow), whereas Florida Bay is typically the source during the dry season 
(north flow).
The lower stretch of Taylor River begins at a shallow mangrove pond and dissects 
the Buttonwood Ridge before emptying into Little Madeira Bay (Figure 4.1). This 
“ridge” is actually a carbonate sediment bank approximately 1 m above mean high water
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Figure 4,1- Map of south Florida showing Taylor Slough area. Enlargement highlights 
the lower, fringe mangrove-dominated stretch of Taylor River that dissects the 
Buttonwood Ridge. This is the area in which the flume study was conducted.
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and is believed to be the result of a past storm surge (Browder et al. 1994). Two 
mangrove forest types inhabit this area of Taylor River. First, a red mangrove-dominated 
(.Rhizophora mangle L.), fringe forest lines both sides of the creek, as well as along the 
shore of Little Madeira Bay. This area is characterized by an abundance of epibiont 
covered prop roots that extend well into the creek channel. This matrix of roots and 
epibionts not only impedes flow but may also be an active zone of nutrient uptake and 
exchange (Childers and Davis, in prep). This fringe wetland is the primary focus of this 
study. Immediately behind this fringe forest, and slightly higher in elevation, is a rarely 
inundated, black (Avicennia germinans L.) and white (.Laguncularia racemosa L.
Gaertn.) mangrove-dominated basin forest. The basin forest runs parallel to Florida Bay 
along the Buttonwood Ridge and is roughly 0.5 to 1km in width (Figure 4.1). Since 
Taylor River cuts through this feature, the channel is well delineated by high, steep 
sloping banks on either side.
Materials and Methods
Two, side by side, 14m flumes were constructed parallel to the direction of flow 
in lower Taylor River for the purpose of enclosing the submerged mangrove vegetation 
on either side of the channel (Figure 4.2). This design utilized the steep sloping banks on 
either side of the channel as the lateral walls of the flumes along with fabricated medial 
walls (Figure 4.2). Medial walls were constructed of clear, 6  mil plastic film attached to 
aluminum fence posts via shower curtain rings. The use of flexible plastic walls allowed 
for a quick setup and takedown with minimal disturbance during each sampling. Fence
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Figure 4.2- Illustration of side by side, in-creek flume design that utilizes the steep 
sloping banks on either side of the creek as lateral “walls” and flexible plastic as medial 
walls in order to isolate submerged mangrove vegetation.
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posts were spaced 2m apart along the length of each wall. Since the bottom of Taylor 
River is mostly bare limestone, the posts were set into blocks of concrete to keep them in 
an upright position. An underwater lattice of cross poles also helped maintain the flume 
integrity during periods of high flow. The two flume (medial) walls were constructed 
parallel to one another separated by a distance of 2.9m. These walls prevented any lateral 
exchange of water with the unvegetated portion of the creek (Figure 4.2). The width of 
the vegetated areas and the distance between creek banks were not uniform resulting in 
varying widths along the length of each flume. In order to account for this variability, I 
conducted detailed surveys of depth and width profiles along each flume. An estimation 
of bottom surface area was then calculated from these surveys. These estimates also 
included the area of the creek bank submerged, as nutrient exchange may have occurred 
at the sediment-water interface during a given sampling. A water level meter was also 
established at one end of the flumes to monitor any change in water level over the course 
of a sampling. Survey data combined with water level were used to make estimates of 
wetland area inundated as well as flume volume.
Field and laboratory methods
I sampled both flumes quarterly for two years to investigate long-term variability 
in fluxes associated with season (Table 4.1). I also repeated samplings on consecutive 
days to account for any small-scale temporal variability (Table 4.1). Six pairs of 
upstream/downstream water samples were collected at regular intervals (usually lhr) 
from each flume on each sampling day as long as flow was measurable (> 0 .0 1 m sec*1) in 
a single direction. If flow stopped, I waited until flow resumed, and if flow switched
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Table 4.1- List of seasons, dates, times, and hydrologic data for each sampling of the 
Taylor River flumes.
sampling sampling direction salinity water level temperature
season date time of flow range (%o) change (cm) range (°C)
late wet Nov. 19, 1996 11:00-18:00 north 8-10.5 1.5 27-29
Nov. 20, 1996 8:00-16:00 north 8 - 1 0 . 0 1.5 25.5-28
early dry Jan. 17, 1997 10:00-15:00 south 1-1.5 1.5 2 1 - 2 2
Jan. 18, 1997 11:00-16:00 south 1-1.5 0 16.5-19
late dry May 17, 1997 13:00-16:30 north 27.5-29 0.5 29-30
May 18, 1997 11:30-14:30 south 28 0.5 28-30
early wet Aug. 6 , 1997 12:30-17:30 north 2 1 32-33.5
Aug. 7, 1997 13:00-18:00 south 2 1 31-32
late wet Nov. 15, 1997 11:00-16:30 south 11.5-13 2 26-27.5
Nov. 16, 1997 10:30-15:30 south 7-8.5 2 26-27
early dry Jan. 17, 1998 12:00-17:30 south 0 2 16.5-18
Jan. 18, 1998 11:00-18:00 south 0 0.5 17-19.5
late dry May 23, 1998 11:00-15:30 north 15-17 3 26-26.5
May 24, 1998 11:00-15:30 north 16.5-18 2 25-27
early wet Aug. 7, 1998 11:30-15:00 south 5-8.5 1 30-31.5
Aug. 8 , 1998 12:00-15:00 south 4 1 29-31
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directions in mid sampling, I collected a new set of six sample pairs for the new flow 
direction. Using a protocol similar to that of Childers and Day (1988) and Rivera- 
Monory et al. (1995), water was collected from single, fixed points at the ends of each 
flume with a hand-pump and side-arm flask apparatus. Prior to each use, this apparatus 
was triple-rinsed with water from the station being sampled. Since cross-sectional 
homogeneity has been shown for this channel, single sampling points were sufficient to 
determine nutrient flux. Simultaneous current velocity readings were taken at each 
upstream and downstream sampling station with a Marsh-McBimey flow meter. Water 
level was recorded for every sampling interval. Salinity and temperature measurements 
were also taken during every sampling interval with an analog S-C-T meter (YSI Model 
33). Water samples were temporarily stored in 1 liter, acid-rinsed, collapsible cubitainers 
and portions of each were immediately filtered (Whatman GF/F) at the conclusion of 
each sampling. Filtered samples were stored frozen and unfiltered samples were kept at 
4° C until analyzed for nutrient content.
All nutrient analyses were performed at the Southeast Environmental Research 
Center (SERC) laboratory at Florida International University. Unfiltered water samples 
were analyzed for total phosphorus (TP) using a modified dry ashing, acid-hydrolysis 
technique (Solorzano and Sharp, 1980), total nitrogen (TN) using an Antee 7000N total 
nitrogen analyzer, and total organic carbon (TOC) using a hot platinum catalyst, direct 
injection analyzer (Shimadzu model TOC-5000). Filtered water samples were analyzed 
for soluble reactive phosphorus (SRP), ammonium (N H /), and nitrate + nitrite (N+N) on 
a four-channel auto-analyzer (Alpkem model RFA 300) and dissolved organic carbon 
(DOC) using the same method listed above for TOC.
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Flux calculation and calibration
I used a combination of equations from Childers and Day (1988) and Rivera- 
Monroy et al. (1995) to calculate constituent fluxes (Table 4.2). Since Taylor River is 
non-tidal and water level change is minimal over short time intervals (Table 4.1), I used a 
velocity-area approach to calculate instantaneous water flux rather than a hypsometric 
method based on water level or flume volume change. This approach required a detailed 
understanding of the variability in cross-sectional discharge at either end of the flumes. 
Therefore, eight calibration samplings were conducted over the course of this study 
during three days of different flow characteristics. The purpose of these samplings was 
to generate relationships that could be used to predict cross-sectional discharge at the 
downstream end of each flume from a single current velocity measurement (Figure 4.3).
At the beginning of the study, current velocity measurements were taken at an 
array of equidistant points across the imaginary cross-section of the south end of the 
flumes over a 5 to 10 minute time period. Since the east flume was slightly wider, it had 
more calibration points than the west flume (Figure 4.3). These velocity measurements 
(In units of m sec'1) were then used to calculate Instantaneous water flux (m3 sec*1) 
according to a method similar to one presented in Kjerfve et a l  (1981). Instantaneous 
water flux values (a.k.a. cross sectional discharges) from each calibration sampling were 
then regressed with the current velocity readings from a single fixed sampling station 
(Figure 4,3). These equations were then used to calculate instantaneous water fluxes (Y) 
from a single measure of water velocity (Figure 4.3). Since I assumed that the flux of 
water into the flumes equaled the flux of water out of the flumes, all instantaneous water
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Table 4.2- List of fluxes, units, and equations along with references used in this study.
flux units equation ________  source
instantaneous jiMsec - 1  = [[X]/ x(instantaneous H20  flux)r] Childers and Day 1988
t=i
(instantaneous flux)* + (instantaneous flux)t + 1
—  x time Childers and Day 1988
~ « ( t o t a l  flux)upstream  - ( t o t a l  flUXjdownstream — ..  , j  t \  1 r to o
net areal uMm^hr-' = - ------- r r 1 -------- --------r-r1 ---------  Childers and Day 1988;
flume area x total time Rivera-Monroy et al. 1995
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O .05 .1 .15 .2 .25 .3 .35
velocity (m sec1)
Y = -.037 + 1,604 * X; K^2=.993
05 .1 .15 .2 .25 .3
velocity (m see1)
Y = -.032 + 2.002 * X; RA2 =
':aS:^v€;
Figure 4.3- Illustration of Taylor River cross-section with flume sampling (X ) and 
calibration points ( • ) .  An array of current velocity measurements was taken along the 
downstream cross sections of both flumes at various times during the study. Each set of 
measurements was then used to calculate an instantaneous water flux. Regression 
analysis was used to model the relationship between current velocity at the fixed 
sampling point with the calculated water flux across each flume cross-section for all 
calibration samplings. The regression equation and r-squared for each flume are given.
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flux estimates were made from the current velocity readings taken at one end of the 
flumes, regardless of the direction of flow,
Instantaneous and total fluxes of nutrients were then calculated according to the 
equations used in Childers and Day (1988; Table 4.2). However, instantaneous flux in 
this study was calculated as the product of the constituent concentration (time = t) and 
instantaneous water flux (time = t) using a velocity-area estimate of water flux (Table
4.2). I calculated net areal flux according to the modified Childers and Day (1988) 
equation used in Rivera-Monroy et al. (1995) with “flume area” as the total benthic area 
of the flume, including bank area (Table 4.2). Net areal fluxes were either positive 
(indicating an uptake by the mangrove wetland), negative (indicating an export by the 
wetland), or zero (indicating no net flux) for a given sampling.
Statistical methods and data analysis
To determine if fluxes for a given flume were significant on a given day, I used a 
paired t-test (Statview 5) to test for a significant difference (p<0.05) between pooled 
upstream and downstream concentrations (fiM) of a given constituent. Significant fluxes 
were then calculated for each flume and sampling day to show small scale spatial and 
temporal variability for a given constituent. However, to show overall patterns in the net 
movement of materials, I calculated average net areal fluxes for each constituent for each 
sampling. I did this by averaging all fluxes for each sampling (2 flumes x 2 days) into a 
single value. All non-significant fluxes were treated as “no net flux” and were assigned a 
value of zero (nmol m'2 hr'1). These values were then extrapolated over 365 days, and
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converted to units of mass (mg) to get an estimated annual flux for each constituent for 
each year of this study.
Concentrations of nutrients at the upstream ends of the flumes were pooled by 
sampling or day and used in a number of analyses. These data were considered as “pre­
treatment”, and could be used to determine the influence of seasonal factors. All 
statistical procedures were performed using StatView 5 for the Macintosh (SAS Institute, 
Inc., Cary, NC). First, box and whisker plots were generated for each 
constituent/sampling combination to show distributions of upstream nutrient 
concentrations. These plots show the 10th, 25th, 50th, 75th, and 90th percentiles, the 95% 
confidence range about the median, and the skewness of the distribution. I used a single­
factor analysis of variance to test for significant differences in concentrations among 
samplings. Single-factor analyses of variance were also used to determine the influence 
of season (wet vs. dry) and direction of flow or water source (north vs. south) on 
constituent concentrations. For all ANOVA tests, Fisher’s Pairwise Least Significant 
Differences (PLSD) post-hoc tests were used to determine significant differences 
between treatment levels. In order to determine possible relationships between salinity 
and nutrient concentrations, I regressed mean salinity for each sampling with mean 
upstream nutrient concentration.
Flux data for each constituent were subjected to the same tests to determine the 
influences of these factors. However, I also regressed constituent fluxes with nutrient 
concentration and flume volume to determine any relationships between nutrient 
exchange and the availability (i.e. concentration) of nutrients or differences in the 
wetland:water ratio. Studies have shown that both of these factors can have significant
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impacts on the flux of nutrients in estuarine systems (Nixon 1980; Wolaver et a l 1983; 
Whiting et al. 1989; Childers and Day 1990).
Results
Hydrologic data and nutrient concentrations
I expected to see a clear pattern of high salinity in the dry season and low salinity 
in the wet season. The combination of wind shifts associated with frontal passages and 
an extended wet season (January 1998) resulted in atypical salinity distributions for 
several samplings (Table 4.1). Salinity was always highest in May (late dry season) and 
lowest in January (early dry season; Table 4.1). The direction of flow was also altered by 
these factors, as sustained winds or rapid pulses of freshwater often reversed the direction 
of flow in Taylor River (personal observation). I anticipated southerly flow during the 
wet season samplings and northerly flow during the dry season samplings. For the most 
part, seasonal signals were fairly clear, especially in the case of temperature. Water 
temperatures were always highest in August and lowest in January (Table 4.1). Water 
level fluctuation within a sampling was minimal and did not appear to show any 
influence of season (Table 4.1).
Concentrations of most constituents were quite variable over the course of the 
study. Nitrate + nitrite concentrations ranged from a high of 5.75fiM in November 96 to 
a low of0.2nM  in August 98 (Figure 4.4). Unlike ammonium, concentrations of 
nitrate+nitrite within a given sampling showed little variability. Nonetheless, ammonium 
displayed a similar overall range of concentration (0.1-6.3 ¡xM; Figure 4.4). Total 
nitrogen content ranged from 39fiM in November 96 to 79fiM in August 97 (Figure 4.4).
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Figure 4.4- Box and whisker plots of nutrient concentration in the fringe zone of Taylor River during each flume sampling. 
Bottom and top whiskers demarcate the 10th and 90th percentiles, and the bottom the top lines of each box indicate the 25th and 
75th percentiles, respectively. The middle line is the median and the notches represent the 95% confidence interval about the 
median. Different letters represent significant differences (ANOVA, p<0.05) between samplings.
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Soluble reactive phosphorus concentrations were typically less than 0.1 |nM and, in many 
instances, were at or below the limits of detection (0.01 fiM; Figure 4.4). However, 
concentrations of SRP were abnormally high during the May 98 sampling (0.13-0.24|iM) 
making up roughly 45-50% of TP at that time (Figure 4.4). Typically SRP was 5-25% of 
the total phosphorus in Taylor River that varied from 0.18-0.67|iM. Concentrations of 
dissolved and total organic carbon were similar in all samplings (Figure 4.4). In fact, 
roughly 95% of the TOC in Taylor River was in the dissolved form, reflecting the low 
suspended particulate load common to this creek. Concentrations of TOC and DOC 
ranged from lows of 800-850fiM in May 98 to 1600-1700|¿M just three months later in 
August 98 (Figure 4.4).
Regression analysis revealed no direct relationship between salinity and nutrient 
concentrations in lower Taylor River. However, when testing for the effect of season on 
nutrient concentrations, analysis of variance yielded two significant constituents, NH*+ 
and TP (Table 4.3). Post-hoc results indicated that concentrations of N H / were 
significantly higher during the dry season, whereas mean TP was higher during the wet 
season (Table 4.3). Direction of flow had a much greater influence on concentrations in 
Taylor River (Table 4.3). Fisher’s PLSD showed that concentrations of nitrate+nitrite 
and SRP were significantly higher when flow was to the north while TN, TP, TOC, and 
DOC were all higher when flow was to the south (Table 4.3). These latter four 
constituents are all organically-dominated parameters and seem to reflect the influence of 
mangrove or freshwater marsh-derived organic matter.
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Table 4,3- ANOVA results showing the effects of season and direction 
of flow on nutrient concentrations in lower Taylor River.
constituent factor p-value_____post-hoc resutls
n h 4+ season <0 . 0 0 0 1 dry > wet
TP season 0 . 0 1 wet > dry
N+N flow <0 . 0 0 0 1 north ^  south
SRP flow <0 . 0 0 0 1 north > south
TN flow <0 . 0 0 0 1 south > north
TP flow 0.03 south > north
DOC flow <0 . 0 0 0 1 south > north
TOC flow <0 . 0 0 0 1 south > north
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Flux results
Fewer than 1/3 of a possible 224 fluxes (7 constituents x 8  samplings x 2 
consecutive days x 2 flumes) were significantly different from zero (Figure 4,5). Of 
these 6 6  significant fluxes, 35 were associated of nitrogen, 14 were of phosphorus, and 
17 were of organic carbon (Figure 4.5). Broken down by season, 43 significant fluxes 
were measured during dry season samplings, while only 23 were measured during the wet 
season samplings (Figure 4.5). The majority of the significant fluxes measured were for 
dissolved inorganic nitrogen. Although there appeared to be little consistency in flux 
from one day or sampling to the next, there was considerable agreement between flumes 
when significant fluxes were observed for the same constituent on the same day. Of the 
20 instances in which I observed significant fluxes of a constituent in both flumes on the 
same day, 16 were of the same magnitude and direction. Eleven of these cases were 
associated with either N 0 3 +N0 2 - or NEU+.
Consistently large uptakes of N 0 3 "+N0 2 _ (1.55 to 5.61 fimoles N 0 3 _+N0 2 ' m ' 2  
hr*1) occurred during both November 96 and January 97 (Figure 4.6). A large uptake of 
TN (50 fimoles TN m*2  hr'1) coincided with MV+NOa" uptake during November 1996 
(Figure 4.6). As the dry season of 1997 progressed into the early wet season, however, 
much smaller quantities o fM V + M V  (-0 . 1 2  to -1.13 fimoles N 0 3  +N0 2 * m ' 2  hr*1) were 
exported from the fringe mangrove wetland (Figure 4.7). This was followed by another 
net uptake in November 97 and more export in May 98 (Figure 4.6; Table 4.4). While 
N+N was imported both days in January 97, N H / flux shifted from an uptake (0.94 -  
1.27 fimoles N H / m ' 2 hr'1) on the first day, to an export (-0.48 to -0.81 fimoles N H / m ' 2  
hr'1) on the second day. Export of N H / occurred again in August 97 followed by net
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Figure 4.5- Pie charts showing breakdown of significant fluxes measured in lower Taylor 
River by constituent and sampling.
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Figure 4.6- Bar graphs showing significant fluxes of N, P, and C measured in the Taylor River fringe mangrove flumes. Values 
above the zero line represent uptake by the wetland, and values below the zero line represent export from the wetland.
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Table 4.4- Averaged net areal fluxes of nutrients per sampling (jjM m'2 hr4) and estimated annual 
fluxes for Years 1 and 2 (mg m~2 yr"1).
Sampling N+N NH4+ TN SRP TP DOC TOC
Nov-96 1.32 0.00 12.59 0,07 0.00 183.19 0.00
Jan-97 3.25 0.69 0.00 -0.14 0.06 38.20 12.69
May-97 -0.07 0.00 0.00 0.00 0.00 0.00 0.00
Aug-97 -0.36 -0.76 0.00 -0.05 0.00 0.00 0.00
Year 1 flux estimate 127 -2.1 386 -8.4 4.2 5818.1 333.5
Sampling N+N N JV TN SRP TP DOC TOC
Nov-97 0.19 0.00 -5.49 0.03 0.00 58.29 0.00
Jan-98 0.00 2.11 -2.61 0.03 0.17 -113.69 146.21
May-98 -0.30 -0.34 -2.17 -0.05 0.00 270.68 -6.18
Aug-98 0.25 0.00 0.00 0.00 0.00 0.00 0.35
Year 2 flux estimate 4.3 54.3 -314.9 0.7 11.9 5657.6 3689.2
average annual flux 65,6 26.1 35.6 -3.9 8.1 5737.9 2011.4
estimate
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uptake in January and May 98 (Figure 4.6). Overall, total nitrogen exhibited little 
significant flux. However, there was a clear pattern of TN export from this mangrove in 
November 97 (-4.41 to -11.91 inmoles TN m"2 hr'1) with evidence of this export 
continuing Into the dry season of 1998 (Figure 4.6).
Phosphorus exhibited the fewest instances of significant flux, the majority of
which were attributed to SRP (Figures 4.5 and 4.6). I observed net imports of SRP by the
mangrove wetland in both November samplings as well as January 98 (0.11 to 0.27
jamóles SRP m '2 hr*1) and net exports in January 97» August 97, and May 98 (-0.04 to
-0.57 fimoles SRP m '2 hr’1; Figure 4.6; Table 4.4). Total phosphorus was taken up by the
fringe mangrove wetland In January 97 and exported in January 98 (0.23 and -0.66 
1fimoles TP m' hr' , respectively; Figure 4.6). A considerably smaller, but significant, 
uptake and export of TP occurred during the May 97 sampling (0.01 and -0.01 fimoles TP 
m'2 hr*1; Figure 4.6).
The fluxes of DOC and TOC showed no pattern over the two years of this study. 
Still, there were four instances of agreement between both flumes for these two 
constituents, suggesting a consistent flux pattern in the fringe wetland. Although the bulk 
of TOC was in the dissolved form, these constituents had somewhat different flux 
patterns. Dissolved organic carbon was imported by the mangrove during November 96, 
January 97, and May 98 (62.26 to 726.38 fimoles m '2 hr'1) and exported in November 97 
and January 98 (-385.65 to -454.74 fimoles m'2 hr"1; Figure 4.6). Total organic carbon 
was exported in both flumes on the first sampling day of May 97 (-234.09 to -434.17 
fimoles m '2 hr'1) and taken up in both on the next day (135.24 to 434.17 fimoles m*2 hr'1;
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Figure 4.6). There was also a small, but significant, uptake of TOC in August 98 (1.39 
fimoles m"2 hr"1; Figure 4.6).
Nutrient flux was not significantly affected by season, salinity, direction of flow, 
flume volume, or temperature. However, for both DIN constituents there was a 
significant relationship between upstream concentration (i.e. nutrient availability) and 
flux (Figure 4.7). In both instances, as the concentrations of N 0 3 '+N0 2 * and N H / 
increased, uptake increased as well (Figure 4.7). Furthermore, the predicted 
concentrations at which export shifted to Import were nearly the same for both flumes.
For NO3 +NO2' In the west flume the predicted shift occurred around 1.25 fiM, whereas 
the east flume shift occurred at around 0.75jiM (Figure 4.7). Similarly, the shift for N H / 
occurred at 3.6 and 3.3 |iM  in the west and east flumes, respectively (Figure 4.7). No 
such relationships existed for any other constituent. Perhaps this was due to the low 
number of significant fluxes observed for all other constituents.
When averaged for each sampling and extrapolated over each year, the flux 
results indicated an uptake of nearly every constituent by the mangrove over the course of 
this study (Table 4.4). Only N H / and SRP were exported during Year 1 (Table 4.4). 
During Year 1 there was a large import of N 0 3 _+N0 2 ' (127mg M V+NO a'm '2 yr'1) that 
was reflected In the large uptake of TN (386mg NO3+NO2" m'2 yr'1; Table 4.4). During 
Year 2 there was a noticeable shift. Ammonium was Imported (54.3mg N H / m*2 yr'1) as 
was N+N (4.3mg N+N m*2 yr'1), but to a much lesser extent, and TN was exported 
(-314.9mg TN m*2 yr'1). Both forms of organic carbon as well as TP were also imported 
In relatively large amounts over both years (Table 4.4).
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Figure 4,7- Regression plots showing the relationship between N+N and N H ^ 
concentrations and N+N and N H / flux In each flume. Vertical dashed line represents the 
predicted concentration at which flux switches from export to uptake, or vice versa.
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Discussion
Presently, there are few studies of nutrient (nitrogen and phosphorus) flux in 
mangrove systems. Of these. Boto and Wellington (1988) and Rivera-Monroy et al. 
(1995) are among the few to conduct direct, in situ measurements of nutrient flux. Many 
such studies have been conducted in temperate salt marsh systems (see Nixon 1980; 
Childers et al. 1999 for reviews). A substantial number of these have used the flume 
technique to quantify wetland-water column exchanges (Childers 1994). And a few have 
demonstrated the importance of season and degree of tidal influence on the fluxes of 
materials (Wolaver et al. 1983; Childers 1994).
In Taylor River, season is a surrogate for tidal influence. Seasonal winds and 
precipitation are the major forcing functions that move water masses, and probably drive 
salinity and nutrient patterns, throughout the southern Everglades mangrove zone. I 
found direct evidence of this in the concentration dynamics of a number of constituents. 
Ammonium was higher, on average, during the dry season (Table 4.3). Since water 
typically flows north during the dry season, this suggests the bay is the source of 
ammonium to the mangrove zone. Nitrate+nitrite displayed a similar pattern, however, 
the high concentrations in November 96 resulted in a non-significant difference between 
wet and dry season (Figure 4.4). Notably, the direction of flow during this wet season 
sampling was to the north, as strong southerly winds overcame the freshwater head and 
forced bay water into the mangrove zone (Table 4.1). Therefore, it appears that Florida 
Bay was the source of N 0 3 '+N02_ to this system as well. This idea is also supported by 
the fact that N O 3 + N O 2' was significantly higher when flow was to the north (Table 4.3). 
Soluble reactive phosphorus concentrations showed no effect of season, yet
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concentrations of SRP were strongly tied to the direction of flow (Table 4.3), Florida 
Bay, again, seemed to be the source of SRP to the mangroves, however, this appears to 
have been influenced by the elevated SRP values measured in May 98 (Figure 4.4).
A number of other parameters were significantly affected by the direction of flow. 
Among them, the organic constituents (OC, N, and P), as well as DOC, all appeared to be 
derived from upstream freshwater Everglades and dwarf mangrove sources, as 
concentrations were significantly higher when flow was to the south (Table 4.3). I also 
found that total phosphorus concentrations were significantly higher during the wet 
season. Although the other constituents did not show the same effect of season, TN,
TOC and DOC concentrations were always highest at the onset of the wet season, 
suggesting a flushing effect (Figure 4.4). These high concentrations of organic- 
associated parameters may reflect an export of organic matter from the freshwater 
marshes and dwarf mangrove wetlands of the southern Everglades early in the wet 
season.
Unlike nutrient concentrations, fluxes were much more variable within and 
between samplings. For every sampling, there was at least one constituent that showed no 
significant flux, and in several instances three or four. However, the significant fluxes 
measured in Taylor River were similar in magnitude to those measured in a fringe 
mangrove in Laguna de Terminos, Mexico (Rivera-Monroy et al. 1995). The Terminos 
Lagoon flux study is analogous to the Taylor River study because 1) both used flow­
through flumes to determine wetland-water column exchanges, and 2) both were 
conducted in a red mangrove-dominated, creek-side fringe mangrove wetlands. The 
fundamental differences between them are that Taylor River is a non-tidal, carbonate-
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dominated system, whereas the Mexican mangrove is a tidal, silicious system (Rivera- 
Monroy etal. 1995).
Like Rivera-Monroy et al. (1995), I measured net uptakes of NO3 +NO2' and 
NH4+ over the course of this study (65.6 and 26.1mg m’2 yr*1, respectively). There was 
also a net uptake of TN that was nearly balanced by a large uptake in Year 1 (386mg m'2 
yr'1) and a similarly large export in Year 2 (-314.9mg m'2 yr'1; Table 4.4). Rivera- 
Monroy et al. (1995) observed an export of TN similar to my Year 2 flux estimate (PN + 
DON flux = -550mg m"2 yr'1). In Coral Creek, Australia, Boto and Wellington (1988) 
measured a much greater net uptake of DON, on the order of 1300mg m'2 yr'1.
Averaged over both years, all other constituents, except SRP, were imported by 
the fringe mangrove of Taylor River as well. A large export of SRP in Year 1 
overshadowed a smaller import in Year 2 (Table 4.4). This is interesting, considering 
that this region is highly limited by phosphorus availability (Fourqurean et al. 1992; 
Amador and Jones 1995). Overall, phosphorus dynamics have been neglected in the 
handful of mangrove nutrient flux studies that have been conducted. Of those that have 
considered it, SRP uptake has typically been shown (Nixon et al. 1984; Boto and 
Wellington 1988). In Coral Creek, uptake of total dissolved phosphorus (500mg m"2 yr'1) 
doubled the export of particulate organic phosphorus (-250mg m'2 yr’1; Boto and Bunt 
1981; Boto and Wellington 1988). The reverse of this was seen in Taylor River, as the 
uptake of TP (8.1 mg m'2 yr'1) was twice the export of SRP (-3.9mg m'2 yr'1).
Uptake of both organic carbon parameters occurred in the fringe mangrove 
wetland of lower Taylor River. A review by Lee (1995), however, shows that many 
mangrove systems are sources of detritus or organic carbon to near-shore environments.
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Among the works reviewed by Lee (1995) is an investigation of organic carbon exchange 
between a basin mangrove and Rookery Bay. In this study, Twilley (1985) found large, 
seasonally and tidally-influenced exports of TOC (64g m'2 yr"1) and DOC (75 % of TOC 
export) from the mangrove wetland. Few other mangrove studies have looked at TOC. 
Dissolved organic carbon fluxes reported for Coral Creek (7300mg m'2 yr'1) were similar 
those measured in Taylor River (5738mg m'2 yr"1; Boto and Wellington 1988). This was 
surprising considering the disparity in tidal influence between these two carbonate 
systems. The difference may be attributed to the large upland source of organic matter in 
the south Florida system compared to the Australian system, which receives considerably 
lower terrestrial upland inputs.
While my findings are comparable to other studies in the mangrove literature, it 
would be careless to make any generalizations about the nutrient dynamics in the fringe 
mangrove wetlands of Taylor River at this point in time. Available flux data and annual 
flux estimates show only potential ranges of flux magnitude. However, these data do 
provide a means of comparison to other systems. The variability in fluxes I observed 
from one sampling to the next combined with the lack of significant fluxes have made it 
difficult to discern the influence of season on these exchanges. Likewise, the fluctuations 
in concentration over time made it difficult to discern the effect of the wetland isolated by 
the flumes from the influence of forces upstream of the flumes.
There were several instances in which I observed a clear increase or decrease of a 
constituent’s concentration over the course of a sampling day (Figure 4.8). These 
patterns reflected concentration across the channel of Taylor River at the upstream ends 
of the flumes at each sampling interval Interestingly, a number of these trends
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Figure 4.8- Time series plots of Taylor River nutrient concentrations from the upstream end of the flumes and channel from each 
sampling. Plots shown are for those constituents displaying a clear increasing or decreasing pattern of concentration over the 
course of a given sampling. All concentrations are in |iM.
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corresponded to measured fluxes. For example, the decrease in N O 3 + N O 2' at the 
upstream ends of both flumes during the January 97 sampling coincided with large 
uptakes of N O 3 + N O 2’ measured within the flumes (Figures 4.6 and 4.8). These 
significant changes in N O 3 + N O 2" concentration over time may have transcended any 
signal given by the wetland. This brings up the question: Were the measured uptakes a 
function of the wetland effect, the decrease in the concentration of NCV+NOi' delivered 
to the flumes, or both? It is difficult to say for certain at this time, however these are 
interesting, possibly diel, patterns that need to be investigated further.
I would argue that these fluxes are real and the concentration patterns are just 
background features that increase the difficulty of measuring a significant flux, hence the 
low number of significant fluxes measured in Taylor River. Of the 29 instances in which 
I observed an increasing or decreasing trend in nutrients, only ten corresponded to 
significant fluxes of nutrients (Figures 4.6 and 4.8). The coincidence of decreased 
concentration and nutrient uptake may also stem from the same phenomenon. In other 
words, as nutrients are taken up by the fringe wetland upstream, concentrations are 
lowered resulting in a decreasing trend and a flux that suggests uptake. Of the ten cases 
mentioned above, eight corresponded positively (uptake/decrease or export/increase; 
Figures 4.6 and 4.8). Only two instances of ammonium flux, which happened to occur in 
both flumes on the same day showed negative correspondence with concentration 
patterns (Day 2, May 98; Figure 4.8).
I found a clear relationship between the concentrations and fluxes of N+N and 
NH4+ on a seasonal time scale. Perhaps these small-scale (hourly) fluctuations result in 
the same relationship with fluxes on a small-scale. Further investigation of this
98
phenomenon may provide valuable insight into the fluxes of nutrients and the factors that 
affect them. It might also provide an answer to the question: are the concentration 
patterns a result of wetland interactions or are they a result of shifting masses of water to 
which the wetlands are responding?
Conclusion
The wetlands of the southern Everglades are currently experiencing a change in 
the delivery of freshwater. These changes are expected to be more noticeable during the 
wet season, however the hydrologic patterns of the dry season may be affected as well. 
Mangrove wetlands comprise a large percent of the southern Everglades and little is 
presently known about the exchange of materials (i.e. nutrients and organic matter) in 
these systems. Moreover, the effect of increased freshwater flow on the cycling of 
materials in southern Everglades mangroves is not well understood. The goals of this 
study were to: 1) quantify fluxes of carbon, nitrogen, and phosphorus in the creek-side 
fringe mangrove wetlands of Taylor River over a two year period, and 2) relate 
concentrations and fluxes of nutrients to various hydrologic factors that may be affected 
by increased freshwater delivery (e.g. salinity, direction of flow, etc.).
I found that season (time of year) and direction of flow were both important 
factors in determining nutrient concentrations in lower Taylor River. These results 
suggest that Florida Bay is the source of dissolved inorganic nutrients, while the 
mangroves and freshwater Everglades are the major sources of total and dissolved 
organic carbon, total nitrogen and total phosphorus to the fringe mangrove wetlands of 
Taylor River. Although there were no relationships with seasonal factors, nutrient
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concentrations seem to be an important determiner of nutrient flux, especially in the case 
o fN 0 3'+N 02” and N H /, Evidence of increasing or decreasing concentrations over time 
complicates any conclusions of nutrient dynamics in this system. They do, however, 
bring up some interesting questions as to the factors behind these phenomena and how 
they are related to wetland-water column interactions in Taylor River.
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Chapter 5:
Biotic and abiotic controls on mass loss and nutrient release from dwarf red 
mangrove leaf litter during the early phase of decomposition*
Abstract
I conducted an experiment to determine the respective contributions of abiotic and 
biotic processes and the influence of salinity on the early decomposition of dwarf red 
mangrove leaves. I hypothesized that abioitc processes (i.e. leaching) would be 
responsible for more loss of mass and nutrients during the first three weeks of 
decomposition and that leaf mass and nutrient losses would be greatest in freshwater 
compared to 16 and 32%o water. Yellow, nearly senesced leaves were collected from an 
oligotrophic, dwarf mangrove of the southern Everglades and incubated in clear glass 
bottles, with or without sodium azide (biocide). Substantial losses of dry mass associated 
with leaching occurred within the first 24 hours, with the greatest initial losses occurring 
in freshwater. The contribution of biotic processes to mass loss was trivial at first, but 
increased steadily over the three-week study period, especially in freshwater. Carbon and 
phosphorus losses from leaves were mainly attributed to leaching, showing no influence 
of biotic processes. Nitrogen, on the other hand, exhibited no net exchange from the 
leaves to the water as a result of leaching, but showed a significant increase in the water 
when biotic processes were present. Leaf N concentrations showed no net change from 
day 0 to day 21. Mean molar ratios of C:N in the water increased to a high of 158 and 
N:P ratios decreased to a low of 75 by the end of the experiment. Carbon made up a 
minor percent of initial leaf losses, yet by the end of the study, nearly 30% of mass loss
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was due to carbon. Nitrogen and phosphorus, combined, accounted for approximately
0.8% of leaf mass loss after 21 days of decomposition. Results of this experiment 
suggest that leaching and early leaf decomposition are important sources of carbon and 
phosphorus to the water column in this mangrove system. Phosphorus is of special 
interest considering the oligotrophic nature of this mangrove.
Introduction
Litterfall from deciduous and evergreen trees is the primary mechanism by which 
nutrients are returned to the forest floor. Accounting for approximately 70% of the dry 
mass of all aboveground litter in forested ecosystems, leaves are usually the most 
important litter component (O’Neill and DeAngelis 1981). Leaf litter represents a 
relatively large, labile pool of organic matter to soil decomposer communities. Although 
resorption, prior to leaf abcission, can be an effective means of conserving vital elements 
in many tree species, there is still a substantial outflow of organic and inorganic nutrients 
from trees via leaf litterfall (Tukey 1970; Fisher and Likens 1973; Aber and Melillo 
1980; Aerts 1996; Killingbeck 1996). The release and availability of these nutrients are 
controlled by abiotic and biotic processes that are, in turn, regulated by the nature of the 
substrate and decomposer community as well as a number of environmental conditions 
(Tukey 1970; McClaugherty et al. 1985; Berg and Ekbohm 1990; Galliardo and Merino 
1993; Vitousek et al. 1994).
The initial phase of leaf decomposition, as with all other litter types, is 
characterized by a rapid leaching of both soluble organic (sugars, organic acids, proteins, 
phenolic compounds, etc.) and inorganic (K, Ca, Mg, Mn, etc.) matter. This is an abiotic
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process that has been defined as the removal of substances from plants or plant parts by 
the action of water (Tukey 1970), The initial leaching phase of leaves typically lasts no 
more than a few days, yet it is responsible for substantial losses of mass and of carbon, 
nitrogen, and phosphorus (Parsons et al. 1990; Chale 1993; Steinke et al. 1993; Taylor 
and Barlocher 1996; France et al. 1997). Furthermore, the rate of leaf litter leaching has 
also been shown to be sensitive to environmental factors such as temperature, sunlight, 
water availability, and salinity (Nykvist 1959; Nykvist 1961; Tukey 1970; Parsons et al. 
1990; Chale 1993; Steinke et al. 1993). The bioitc contributions in this early stage of 
decomposition are usually minimal and are most often limited to microbial conditioning 
of the litter (Nykvist 1959; Cundell et al. 1979; France et al. 1997). However, it has been 
suggested that there is a possible interaction between the biotic and abiotic processes that 
result in the large, initial losses of leaf mass during this phase (Taylor 1997).
I conducted an experiment to determine the relative contributions of these abiotic 
and biotic processes in the early decomposition of dwarf red mangrove leaves immersed 
in water. I hypothesized that abiotic processes (i.e. leaching) would be responsible for 
more loss of mass and nutrients (carbon, nitrogen, and phosphorus) than biotic processes 
(i.e. microbial degradation) during the first three weeks of decomposition. However, I 
expected the contribution of the biotic processes to grow over the course of the 
experiment as microbial colonization increased and leaching slowed. I also determined 
the influence of the water’s salinity in which the leaves were immersed on the loss of 
mass and nutrients. A similar study showed that both mass and nutrient losses were 
greater in Avicennia leaves immersed in water with a salinity of 16%o versus 32%o 
(Steinke et al. 1993). Taking into consideration the findings of Steinke et al. (1993), 1
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expected that these losses would be greatest in freshwater (0 %o), moderate in water of 
mesohaline salinity (16% o), and lowest in water of polyhaline salinity (32% o).
Site Description
This experiment was conducted on leaves collected from an estuarine dwarf 
mangrove wetland in Taylor Slough, Everglades National Park. In most estuarine 
mangrove wetlands, the nutrients associated with leaf litter can either be recycled in situ 
or exported to adjacent systems depending upon the tidal range or the presence of litter 
consumers and processors (Robertson 1986; Twilley et al. 1986; Slim et al. 1997). When 
exported, mangrove-derived organic matter can fuel secondary production in adjacent 
offshore habitats (Odum and Heald 1972). However, the dwarf mangroves of the 
southern Everglades and Taylor Slough have neither influences of tide nor large 
macroinvertebrates, such as crabs or snails, which actively process leaf litter. In addition, 
rates of herbivory have been shown to be comparatively low in this type of mangrove 
wetland (Feller 1995). This suggests that in situ recycling of litter within the mangrove 
wetland is quite efficient, providing an important source of carbon, nitrogen, and 
phosphorus to this oligotrophic system.
The dwarf mangrove wetlands of the southern Everglades are dominated by a 
single species, Rhizophora mangle L. (red mangrove), and are characterized by persistent 
standing water. Therefore, when leaves fall from the trees, they almost inevitably hit the 
water and immediately sink to the bottom. Rhizophora leaves are rarely seen floating on 
the surface of the water (personal observation). The salinity of the water in this wetland 
varies seasonally, as the source of water shifts from the freshwater Everglades, during the
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wet season, to Florida Bay, during the dry season. Low salinity predominates during the 
wet season and high salinity characterizes much of the dry season. Refer to Chapter 3 for 
a more detailed description of the seasonal hydrology of this dwarf mangrove wetland. 
This experiment was conducted during May 1998 (late dry season).
Materials and Methods
I collected fresh, nearly-senesced, yellow leaves from dwarf red mangrove trees 
along Taylor River, Everglades National Park for use in this experiment (see Chapter 2 
for full description of dwarf mangrove site). The experimental leaves were not dried, as 
drying has been shown to significantly affect rates of leaching and decomposition in 
many species (Taylor and Barlocher 1997; Taylor 1998). Individual fresh leaves were 
incubated in 250ml, clear, square, glass bottles containing 242ml of water for up to 21 
days (Figure 5.1). Incubations were conducted in the field under ambient temperature 
and sunlight conditions. Following incubation, leaves were removed from the bottles and 
rinsed with deionized water to remove any surficial bacterial layer and dried to a constant 
weight at 7 0 ° C  (final dry mass = D M /).
Since I chose to use fresh material, an accurate means of estimating initial dry 
weight was needed in order to determine mass loss. To accomplish this, 75 non- 
experimental, nearly-senesced leaves were collected from the same site, at the same time, 
and measured for maximum blade width (W max), maximum blade length (Lmax), and fresh 
mass (FM; Figure 5.1). Next, the leaves were dried at 70°C for 72 hours then re-weighed 
to get an initial dry mass (D M 0) for each leaf. Then, using W max, L max, and FM as 
independent variables and D M o  as the dependent variable, I generated a multiple
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Figure 5.1- A. Illustration of experimental unit with incubation bottle containing water 
(0%o, 16%o, or 32% o) plus or minus NaN3 and mangrove leaf. B. Illustration of leaf 
measurements (maximum width; Wmax and maximum length; Lmax) taken on non- 
experimental leaves along with fresh mass (FM) in order to estimate initial dry mass 
(DMo).
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regression relationship that could be used to predict D M o for each experimental leaf. In 
this case, only Wmax and FM were significant (p<0.05) model components, accounting for 
most of the total variability associated with DMo (adj. R-squared=0.971; Figure 5.2). At 
the conclusion of the experiment, I calculated percent dry mass remaining (% D M R ) for 
each leaf by dividing D M / by D M o. This regression approach was selected over the 
typical wet:dry weight ratio technique because it does not assume homogeneity of 
structural tissue content among leaves nor does it assume that each leaf is in the same 
stage of senescence. In other words, a leaf in a later stage of senescence may have a 
higher dry: wet weight ratio than a leaf in an early stage of senescence.
Following initial leaf measurements, 100 fresh experimental leaves were 
individually stored in sterile plastic bags at 4°C for no more than 24 hours. As the 
experiment commenced, 90 individual leaves were randomly assigned to treatment 
combinations according to the experimental design (Figure 5.3). The remaining 10 
leaves were analyzed for initial concentrations of leaf nutrients. The treatments included 
water treatment (2 levels), water salinity (3 levels), and day (5 levels). All treatment 
combinations were triplicated (Figure 5.3).
In order to quantify the abiotic contributions to mass and nutrient loss, 2ml of a 
1% NaNs (sodium azide) solution was added to half of the experimental units as a biocide 
(Figure 5.3). The remaining half of the bottles received 2ml of deionized water. Next, 
the effect of salinity on the early phase of leaf decomposition was determined by 
incubating leaves in waters of different salinity (Figure 5.3). The fixed levels of this 
treatment were chosen to represent the annual range of salinity common to this dwarf 
mangrove wetland. To mimic the wet season effects on leaf decomposition, water from
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Regression Summary: 
DMq v s .  2 Independents
Count
Num. Missing 
R
R Squared 
Adjusted R Squared 
RMS Residual
0
.986
.972
.971
.036
ANOVA Table
DF Sum of Squares Mean Square F-Value P-Value
Regression 2 3.343 1.671 1259.806 <.0001
Residual 72 .096 .001
Total 74 3.438
Regression Coefficients:
Coefficient Std. Error Std. Coeff. t-Value P-Value
Intercept -.100 .021
oo■ -4.766 <0001
Wmax .007 .001 .280 6.558 <.0001
FM .243 .014 .729 17.044 <.0001
Regression Equation:
DM0= -0.1 + (0.007* Wmax) + (0.243 *FM)
Figure 5.2- Multiple regression statistics, ANOVA table, and model for the relationship 
between maximum width (Wmax), fresh mass (FM), and initial dry mass (DM0).
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0 X X X X X X X X X X X X X X X
16 X X X X X X X X X X X X X X X
32 X X X X X X X X X X X X X X X
without NaN^
0 X X X X X X X X X X X X X X X
16 X X X X X X X X X X X X X X X
32 X X X X X X X X X X X X X X X
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0 X X X
16 X X X
32 X X X
without NaN3
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Figure 5.3- Experimental design of leaf decomposition study, with 2 water treatment 
levels (±NaN3 ), 3 salinity levels (0, 16, and 32% o), and 5 collection day levels (1, 2, 5, 10, 
and 21 days). All experimental units were triplicated.
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the freshwater Everglades marshes was used in 1/3 of the incubations. Another 1/3 of the 
bottles contained water of 16%o salinity that was collected from within the mangrove 
wetland. The remaining bottles, representing the high end of the salinity range in this 
wetland, contained 32%o water collected from Florida Bay (Figure 5.3). All water was 
pre-filtered (Whatman GF/F) to reduce variability between different waters, to remove 
large particulate matter that may have affected leaching rates, and to reduce variability in 
densities of waterborne microbes. Finally, collections of experimental units were made 
after 1, 2, 5, 10, and 21 days of incubation (Figure 5.3). This sampling protocol allowed 
for the observation of rapid losses due to leaching (1-2 days) as well as longer term, 
biotically-associated losses (1-3 weeks).
During each sampling, leaves were removed from the bottles and water samples 
were collected. Water samples were stored in 125ml, HDPE bottles at 4°C until analyzed 
for nutrients. All water nutrient analyses were conducted at the Southeast Environmental 
Research Center’s laboratory at Florida International University. Samples were analyzed 
for total phosphorus (TP) according to a modification of the dry ashing, acid-hydrolysis 
technique (Solorzano and Sharp, 1980), total nitrogen (TN) using an Antee 7000N total 
nitrogen analyzer, and total organic carbon (TOC) using a hot platinum catalyst, direct 
injection analyzer (Shimadzu model TOC-5000). After final dry weight (DM/) 
measurements were taken, all leaves were ground to a fine powder with a mortar and 
pestle and stored in 7ml, borosilicate scintillation vials. Leaf material was analyzed for 
carbon and nitrogen content using a Carlo Erba 1500-N CHN analyzer and phosphorus 
content using the aforementioned method of Solorzano and Sharp (1980).
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To ensure that changes in water nutrients were solely due to the leaves, control 
bottles containing only water or water + NaN3 were incubated for the entire 21-day length 
of the experiment (Figure 5.3). Nutrient concentrations from the control bottles were 
compared with initial concentrations (post-filtration) to determine changes in total C, N, 
and P associated with water column or photochemical processes. Paired t-tests were used 
to determine significant differences between initial and final concentrations (p<0.05). 
Since NaNs was selected as the biocide in this experiment, TN concentrations were more 
than an order of magnitude higher in the bottles containing NaN3 , However, I still 
anticipated observable water TN concentration changes in bottles containing leaves and 
NaNs as a result of leaching.
Statistical Methods
The changes in nutrients and leaf mass were considered to be the result of “abiotic 
processes” for those experimental units containing NaN3 and “biotic+abiotic processes” 
for those without NaN3 . I used a one factor ANOVA to determine the effect of water 
treatment on % D M R . This was followed by two-factor ANOVAs to determine the effect 
of salinity and collection day on % D M R  within each water treatment level. Finally, I 
used two-factor ANOVAs to investigate the effect of water treatment and collection day 
on %DMR within each salinity level. Accordingly, similar approaches were used to 
determine the effects of these treatments on % C , N, and P content of the leaves as well as 
the TOC, TN, and TP content of the water. For all analyses, Fisher’s Pairwise Least 
Significant Differences (PLSD) post-hoc tests were used to determine differences
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between treatment means of significant A N OV As (p<0.05). When appropriate, 
regressions were used to model changes in leaf mass or nutrients over time.
Results
Although no quantitative means were used determine the potency of the bioicide, 
a few qualitative observations were made over the course of the experiment in support of 
its effectiveness. For instance, after five days of incubation, the bottles containing 16 or 
32%o water without NaNa had a strong sulfide odor that intensified by day 10 and 21, 
suggesting the occurrence of biotic sulfate reduction. Non-azide bottles containing 0%o 
water also had a strong odor between days 5 and 21, but it was not sulfidic in nature.
Such odors were not present in any of the incubations containing NaN3 . Also, after five 
days of incubation, leaves immersed in water not treated with NaNs had a thick, surficial 
mucous layer likely of bacterial derivation. This feature persisted in these bottles through 
day 21. Leaves immersed in water containing NaN3 had no surficial mucous. Based on 
these observations, I concluded that the biocide and the concentration used were 
sufficient for this experiment.
Losses of dry mass
Rapid losses of mass occurred in each water treatment level, as 10-20% of the 
initial dry mass was lost after 24 hours (Figure 5.4a). After day 1, changes in percent dry 
mass remaining (% D M R ) from one sampling to the next were more gradual Overall, 
mean % D M R  was significantly higher when associated with abiotic processes only 
(Table 5.1). For the most part, early differences in % D M R between water treatment
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Figure 5.4- A. Mean change in percent dry mass remaining (% D M R; ± std. err.) over time for each salinity level, grouped by water 
treatment level. B. Mean change in % D M R  (± std. err.) over time for each water treatment level, grouped by salinity level
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levels were negligible. However, after five days of incubation, the differences between 
bottles with and without NaN3 became more noticeable (Figure 5.4a; Table 5.1). The 
effect of water treatment on mean %DMR was further elucidated when broken down by 
salinity level
I observed a difference in mean %DMR between water treatment levels only in 
0°/oo and \ 6 % o  water (Table 5.2; Figure 5.4b). The 32%o salinity level yielded little or no 
difference In %DMR between water treatment levels during all collection days (Table 
5.2; Figure 5.4b). In all three salinity levels, the differences between the two water 
treatment levels tended to increase over the course of the experiment. Furthermore, these 
differences seemed to follow a salinity gradient, with the greatest discrepancy in 0%o 
water, followed by 16%o, and then 32%o (Figure 5.4b). Finally, an overall effect of 
salinity on mean %DMR was detected only In leaves Immersed In water containing NaN3 
(Table 5.1). Percent dry mass remaining associated with abiotic processes was 
significantly higher in \ 6 % o  water (8 1 .4 % ) than in freshwater (7 6 .7 % ), and %DMR in 
32%o water (7 9 .1 % ) could not be statistically differentiated from either (Table 5 .1 ) .
Regression analyses revealed significant (p<0.001 for all) logarithmic 
relationships between %DMR and collection day for both water treatment levels within 
each salinity level (Figure 5 .5 ) .  These curves indicate the rapid, initial losses of mass 
during the first 2 4  hours, regardless of treatment (Figure 5 .5 ) . An average of about 16-  
17% of the initial dry mass of each leaf was lost during this brief period of time (Table 
5.1). Although the contribution of biotic processes increased over time, abiotic processes 
accounted for more loss of mass after 21 days of leaf decomposition.
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Table 5.1- Treatment means (± stdev) for % dry mass remaining. Different letters represent significant differences between 
treatment means (A N O V A , Fisher’s PLSD; p<0.05).
I. Water treatment
abiotic processes3
0.792 ± 0.065
biotic + abiotic processes1
0.740 ±0.102
II. Salinity (within each water treatment level)
abiotic processes
0%ob 16%oa
0.767 ± 0.041------ 0.814 ±0.060-----
32%oab
TTOT±0:0X2
biotic + abiotic processes 
0%oa 16%oa 32%oa
0W + T U Ü 7 — i n W T M E T -------- o m i r a
III. Collection Day (within each water treatment level)
abiotic processes biotic + abiotic processes
day Ia day 2ab day 5bc day 10cd day 21d day Ia day 2ab day 5b day 10° day 21'
0.838 0.829 0.793 0.767 0.727 0.827 0.796 0.761 0.692 0.625
±0.052 ±0.044 ±0.055 ±0.059 ±0.053 ±0.031 ±0.076 ±0.066 ±0.083 ±0.095
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Table 5.2- Water treatment and collection day treatment means (± stdev) for % dry mass remaining within 
each salinity level. Different letters represent significant differences between treatment means (ANOVA, 
Fisher’s PLSD; p<0.05).
L 0%o
abiotic processes3 biotic + abiotic processes*5
dav Ia
0.771 ± 0.043 
dav 2ab dav 5bc
0.708 ±0.107 
dav 10c dav 21c
0.819 ±0.049 
II. 16%o
0.757 ±  0.065
abiotic processes3
0.729 ± 0.054 0.703 ±0.106 
biotic + abiotic processes5
0.689 ± 0.098
day Ia
0.814 ± 0.060 
day 2a day 5ab
0.749 ± 0.063 
day 10b day 21b
0.842 ± 0.043 0.834 ± 0.045 0.799 ± 0.053 0.748 ±0.061 0.701 ± 0.055
III. 32%o
abiotic processes3 biotic + abiotic processes3
day Ia
0.791 ±0.082 
day 2a day 5ab
0.763 ±0.124 
day 10b day 21c
0.850 ±0.038 0.855 ±0.034 0.811 ±0.037 0.736 ±0.058 0.634 ±0.119
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Figure 5.5- Logarithmic regression plots and equations for %DMR versus time for each 
salinity/water treatment combination. Changes associated with abiotic processes are in 
blue, while changes associated with the combination of biotic and abiotic processes are in 
red. The contribution of just biotic processes can be interpreted as the difference between 
the blue and red lines. All regressions were significant with all p-values less than 0.001.
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Leaf Nutrients
The carbon content of yellow, nearly-senesced leaves from two dwarf mangrove 
sites near Taylor River ranged from 46-50% (dry weight; Figure 5.6). This range did not 
differ from the %C content of green leaves from the same sites (46-49%; Figure 5.6). 
However, I found a large discrepancy between the N and P content of dwarf green and 
yellow leaves. The N content of green and yellow, dwarf mangrove leaves ranged from 
0.75-1.3% and 0.4-0.65%, respectively (Figure 5.6). Similarly, the P content of green, 
dwarf leaves was much higher (0.05-0.1%) than yellow, dwarf leaves (0.02-0.04%; 
Figure 5.6). To relate these leaf concentrations of C, N, and P to another, perhaps more 
productive, mangrove system I collected 20 leaves from a fringe mangrove site further 
downstream. There was no apparent difference in carbon content between the fringe and 
dwarf site (Figure 5.6). However, the N and P content of green and yellow, fringe leaves 
exceeded that of green and yellow, dwarf leaves (Figure 5.6).
Mean percent carbon content of the experimental leaves gradually increased over 
the course of the experiment. For both water treatment levels, relative (%) carbon 
concentrations increased from a low of approximately 46%, after one day, to more than 
53% after 21 days (Figure 5.7). Mean % C  also showed a significant effect of salinity in 
each water treatment level. In both cases, mean relative carbon concentrations were 
highest in 0%o, followed by 16%o, and lowest in 32%o (Figure 5.7). Increases in %C 
content over time were also more noticeable in 0 and 16%o than in 32%o (Figure 5.8). 
However, absolute C concentrations (mass) were much more variable over time (Figure
5.8). For the most part, rapid, initial losses of carbon mass (1-5 days) were followed by 
little change in absolute C throughout the remainder of the experiment (Figure 5.8).
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Figure 5.6- Initial concentrations (% of dry mass) of carbon (C), nitrogen (N), and 
phosphorus (P) in green and yellow, Rhizophora leaves collected from proximal dwarf 
sites in Taylor Slough. Also, C, N, and P data from Rhizophora leaves collected from a 
nearby fringe mangrove system.
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Figure 5.7- Box-and-whisker plots of leaf C content illustrating the differences in 
distributions between salinity levels and collection days under each water treatment level. 
For each plot, the center line marks the median, the notches indicate the 95% confidence 
interval about the median, the bottom and top line of each box represent the 25th and 75th 
percentiles, and the bottom and top line of the whiskers indicate the 10th and 90th 
percentiles, respectively. Letters represent significant differences between distributions 
(Fisher’s PLSD, p<0.05).
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Figure 5.8- Plots showing mean change in relative (%) and absolute (g) concentrations of 
leaf C (± std. err.) over time in each salinity level, within each water treatment level.
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Analysis of variance revealed no effect of salinity or difference between days on 
mean percent nitrogen content of leaves in either water treatment level. Relative 
concentrations of nitrogen varied considerably over time, especially in bottles without 
NaNa (Figure 5.9). Absolute concentrations of nitrogen also varied over time showing no 
clear pattern (Figure 5.9). When biotic and abiotic processes were present, absolute and 
relative N concentrations increased by as much as 50% in the 32%o salinity level (Figure
5.9). In every salinity/water treatment combination, absolute and relative N 
concentrations were essentially the same after 21 days as they were after 24 hours of 
incubation (Figure 5.9). Furthermore, absolute concentrations of nitrogen mirrored 
relative concentrations of nitrogen throughout the experiment (Figure 5.9).
Unlike Nitrogen, there was a significant effect of salinity on relative phosphorus 
concentrations in each water treatment level. Mean percent P  was always lowest in 0%o 
and highest in 16%o (Figure 5 .1 0 ) .  In bottles containing NaN3 , relative P  concentrations 
in 32%o were equivalent to those in 0%o. However, without NaN3 , % P was highest in 
32% o, similar to 16%o (Figure 5 .1 0 ) .  When only abiotic processes were present, % P of 
the leaves decreased significantly from day 0  (initial concentrations) to day 1 (Figure
5.10). At that point, relative P decreased gradually over the remaining 20 days of the 
experiment (Figures 5.10 and 5.11). The influence of biotic processes affected this trend 
by delaying the large decrease in %P until the second day of the experiment (Figures 5.10 
and 5.11). Biotic processes also produced an increase in % P by day 10 that was again 
depleted after three weeks (Figure 5.11). These changes in relative P  concentrations were 
also reflected in absolute P  concentrations (Figure 5.11).
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Figure 5.9- Plots showing mean change in relative (%) and absolute (g) concentrations of 
leafN (± std. err.) over time in each salinity level, within each water treatment level.
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Figure 5.10» Box-and-whisker plots of leaf P content illustrating the differences in 
distributions between salinity levels and collection days under each water treatment level. 
Letters represent significant differences between distributions (Fisher's PLSD, p<0.05).
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Figure 5.11- Plots showing mean change in relative (%) and absolute (g) concentrations 
of leaf P (± std. err.) over time in each salinity level, within each water treatment level.
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Water Nutrients
The use of water from different sources resulted in differing initial concentrations 
of TOC, TN, and TP for the different salinity levels (Figure 5.12). However, the 
difference never exceeded a factor of two (Figure 5.12). Control bottles (without leaves) 
showed no significant change in TOC or TP concentrations from day 0 to day 21 in either 
water treatment level (Figure 5.12). As expected, the addition of NaN3 significantly 
increased water TN concentrations, so much so that there were no noticeable differences 
between salinity levels (Figure 5.12). Total nitrogen concentrations in the control bottles 
showed no significant change when only abiotic processes were active. Likewise, 
without sodium azide, water TN concentrations in the control bottles showed little change 
over the 21-day study period (Figure 5.12).
Water nutrient content at each time step was normalized to the initial dry mass of 
the leaf in each bottle (fimoles g'1). Non-linear regressions were used to fit normalized 
concentrations of TOC, TN, and TP with collection day for each water level treatment. 
All were highly significant (pO.OOl) except TN under abiotic conditions (Figure 5.13).
In an analysis of variance, the normalized values for each constituent indicated a 
significant time effect when biotic and abiotic processes were active. The trend for each 
was an initial, rapid increase in normalized concentrations followed by more gradual 
increases over the latter half of the three week study (Figures 5.13 and 5.14). However, 
TP concentrations fell slightly between day 10 and 21 (Figures 5.13 and 5.14). Sodium 
azide produced the same increasing pattern for TOC and TP (Figures 5.13 and 5.14). No 
temporal pattern was observed for TN under abiotic conditions, as normalized 
concentrations were high and variable. Total phosphorus was the only constituent to
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Figure 5.12- Initial and final (day 21) mean water concentrations (± std. err.) of total 
organic carbon (TOC), total nitrogen (TN), and total phosphorus (TP) in control bottles 
with and without NaNa.
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Figure 5.13- Logarithmic regression plots and equations for normalized water 
concentrations of TOC, TN, and TP in each water treatment level. Abiotic processes are 
shown in blue and the combination of biotic and abiotic processes are shown in red. All 
regressions shown were significant with p-values less than 0.001.
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Figure 5.14- Boxplots showing normalized water concentrations of TOC (A.) and TP (B.) 
over time in each water treatment level. C. Boxplots showing normalized water 
concentrations of TN over time in the presence of biotic and abiotic processes. D. 
Boxplots showing distributions of normalized concentrations of TP in each salinity level. 
Letters represent significant differences between distributions (Fisher’s PLSD, p<0.05).
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show a significant effect of salinity. Mean TP concentrations were significantly higher in 
16 and 32%o water than in 0%o (Figure 5.14).
Congruent with normalized water concentrations, molar ratios of C, N, and P also 
followed clear temporal patterns. Increasing TOC concentrations brought about 
increased C:N ratios in the water, regardless of water level treatment (Figure 5 .1 5 ) .  
Similarly, increased TP resulted in decreased N:P ratios that leveled off by day 21  
(Figure 5 .1 5 ) .  Although nitrogen concentrations increased with time in the non-azide 
bottles (Figure 5 .1 4 ) ,  they were outweighed by increases in TOC and TP. After three 
weeks, C:P molar ratios increased under abiotic conditions, yet showed little overall 
change when biotic processes were present (Figure 5 .1 5 ) .
Of the three nutrients investigated, carbon made up the majority of leaf dry weight 
(nearly 5 0 % ) and had the highest concentrations in the water. Since carbon was such a 
major component, I calculated the percent of leaf dry mass loss associated with this 
element for each day in both water treatment levels. These values were calculated by 
dividing the change in the mass of water carbon by the change in dry mass of each leaf 
from time = 0  to time = t. In both water treatment levels, there was a significant increase 
in the losses associated with carbon over the course of the experiment (Figure 5 .1 6 ) .  
However, the pattern was more regular when only abiotic processes were operating 
(Figure 5 .1 6 ) .  Carbon apparently made up a very small percent (< 1 % ) of the initial 
losses yet, after three weeks, as much as 30%  of dry mass losses were associated with 
carbon (Figure 5 .1 6 ) .  By comparison, the combination of nitrogen and phosphorus
r
accounted for less than 1% of dry mass losses after 21 days.
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Figure 5.15- Temporal changes in mean molar ratios of C:N, N:P, and C:P (± std. err.) in 
waters of different salinity. Plots are grouped according to water treatment level.
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Figure 5.16- Bar charts showing the temporal change in mean percent of dry mass loss attributed to carbon (± std. err.). Salinity 
levels are indicated by different shades of gray and plots are separated by water treatment level.
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Discussion
The benefits of this type of design are numerous. First, the use of a sealed 
container with little headspace allowed for an easily quantifiable exchange of nutrients 
from the leaves to the water, or vice versa. These calculations were facilitated by 
knowledge of initial leaf and water nutrient concentrations and by being able to 
accurately estimate the initial dry mass of each leaf. This allowed me to construct simple 
nutrient budgets for each incubation bottle. Next, even though the experiment was 
conducted outside the laboratory, there were very few sources of variability using this 
design. The major source of variability in this experiment was associated with 
differences among leaves. I was able to eliminate some of the variability due to 
differences in leaf mass by normalizing water concentrations to initial dry mass.
However, I was unable to account for differences in initial leaf nutrient content, hence the 
need for triplicates of each treatment combination. Finally, as simple and easily 
replicated as this design was, it still mimicked the actual conditions (temperature, light, 
water salinity, etc.) under which leaves decompose in this system. Therefore, the data 
collected in this experiment are realistic and can be used to describe much of the dwarf 
mangrove system of the southern Everglades.
Abiotic versus Biotic Contributions to Mass Loss
In this experiment, leaching (abiotic processes) produced mean losses of mass of 
around 18% after 2 days and up to 30% after 3 weeks. These losses were comparable to 
other similar studies on temperate deciduous and tropical mangrove leaf litter (Table 5.3), 
Many of these showed that leaching-associated mass loss, although rapid at first, tended
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Table 5.3- Mass loss from leaves of various temperate and tropical mangrove species 
attributed to leaching. Time intervals of incubations are given as well as an indication of 
whether the leaves were immersed in water during incubation.
temperate species % dry mass loss time immersed source
from leaching interval (d) in water?
Populus tremuloides 5% 7 no Taylor 1998
Alnus crispa 9% 7 no Taylor 1998
Populus tremuloides 12% 14 yes France et al. 1997
Thuja occidentalis 15% 14 yes France et al. 1997
Betula papyrifera 16% 14 yes France et al. 1997
Alnus rugosa 18% 14 yes France et al. 1997
Castanea sativa 3% 1 yes Ibrahima et al. 1995
Fagus sylvatica 6% 1 yes Ibrahima et al. 1995
mangrove species % dry mass loss time immersed source
from leaching interval (d) in water?
Avicennia marina 18%a 13 yes6" Tam et al. 1990
Aegie eras corniculatum 7%a 13 yesb Tam et al. 1990
Kandelia candel 15%a 13 yesb Tam et al. 1990
A. marina 24% 7 yes Steinke et al. 1993
Bruguiera gymnorrhiza 21% 7 yes Steinke et al. 1993
A. marina 19% 1 yes Chale 1993
Rhizophora mangle 18% 2 yes this study
a Litterbag study did not exclude biotic components that may have had an effect on mass 
loss. Also weight loss data were presented as % ash free dry weight remaining rather 
than % dry mass loss or % dry mass remaining.
b Litterbags were decomposed on an intertidal mudflat that was submergerd twice each 
day.
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to level off within a few weeks (Rice and Tenore 1981; Steinke et al. 1993; Ibrahima et 
al. 1995; France et al. 1997). However, some have claimed that leaching may be an 
important part of the decomposition of mangrove leaf litter for up to a month (Cundell et 
al. 1979; Tam et al. 1990).
In the present study, the biotic contributions to mass loss were minimal at first but 
gradually increased over the three-week study period. After 21 days, biotic processes 
accounted for approximately 4-14% of dry mass loss. These biotically-associated losses 
followed a salinity gradient with highest values for freshwater and lowest values for 32%o 
water (Figure 5.5). I expect that the salinity-related gradient in the biotic contributions to 
mass loss were the result of differences in the initial organic carbon content of the 
different waters (Figure 5.12). Thus, the waters with highest OC concentrations may 
have also had the highest initial bacterial densities at the beginning of the experiment. 
Unfortunately, no quantitative steps were taken to verify this speculation. However, a 
study conducted on red mangrove leaves immersed in seawater (33.5% o) found that 
bacterial colonization of the leaves was not noticeable until after 2 8  days of submergence 
(Cundell et al. 1979). Furthermore, the investigators suggested that the leaching of 
tannins combined with the thick epidermis and waxy cuticle of R. mangle leaves could 
prevent mass colonization of bacteria for up to a month (Cundell et al. 1979). Perhaps, if 
the study of Cundell et al. (1979) had been conducted using freshwater from the 
Everglades, this colonization time might have been significantly lower.
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Influence of Abiotic and Biotic Processes on Leaf and Water Nutrients
I also found that leaching accounted for more of the leaf and water nutrient 
dynamics after three weeks than did biotic processes. The carbon content of leaves in 
this study increased in both water treatment levels, reaching their respective peaks after 
five days (Figure 5.7). The temporal patterns and final concentrations for each level were 
nearly identical, suggesting that abiotic processes were the predominant factor controlling 
relative leaf C concentrations. In a decomposition study of R. mangle leaf discs, Fell et 
al. (1975) noted similar patterns of carbon increase. They found that the relative 
concentration of leaf carbon increased from 42% to approximately 48% after 15 days in 
the field (Fell et al. 1975). Contrary to this, other investigations of leaf decomposition 
have shown significant decreases in leaf carbon over time. For example, Ibrahima et al. 
(1995) showed that the %C content of three Mediterranean species decreased 
significantly over a ten-day incubation. Four other species showed no significant change 
over this time period (Ibrahima et al. 1995). Using the same species as the present study, 
Fell and Master (1980) reported a 50% reduction in leaf C between 6-15 weeks, more 
than half of which was lost during the first 15 days. In addition, Rice and Tenore (1981) 
and Cundell et al (1979) noted sizable decreases in the carbon content of R. mangle 
leaves after 10 and 70 days, respectively.
Although I did not observe any significant decrease in leaf %C over time, I did 
measure more increase in leaf %C over time as salinity decreased (Figures 5.7 and 5.8). 
In fact, %C in the 32%o salinity level showed little observable change over time, and 
overall mean %C was significantly lower in the 32%o salinity level than in the others 
(Figure 5.7). I am unable to explain this “salinity effect” on leaf %C, but it seems to be
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related to abiotic processes, as the temporal patterns were nearly the same for both water 
treatment levels (Figure 5.8).
The temporal changes in relative leaf P concentrations also seemed to be mainly 
controlled by abiotic processes, as daily mean concentrations were quite similar between 
water level treatments (Figure 5.10). Nevertheless, biotic processes resulted in a brief 
increase in leaf P that was most pronounced in the 16 and 32%o salinity levels (Figures 
5.10 and 31). In either water level treatment, relative leaf P concentrations after 21 days 
were basically the same (Figures 5.10 and 5.11). The overall result was an approximate 
loss of about 60% of the initial leaf P after three weeks, much of which could be 
explained by abiotic processes. Other studies have shown similar trends for leaf P 
concentrations. For example, France et al. (1997) showed that nearly all leaf TP was 
leached from deciduous leaves after 7 days. And, Meyer (1980) found that the %P 
content of various temperate deciduous leaves decreased by approximately 63% (from 
0.035% to 0.022%) after just 48 hours. A few mangrove studies have observed this same 
scenario for leaf P. After only 3 days of submergence, A. marina leaves lost 
approximately 20% of their original phosphorus content (Steinke et al. 1993). Chale 
(1995) found a similar, although much more gradual, pattern of decreasing P in A, marina 
leaves.
The temporal pattern for leaf nitrogen was much less clear. In fact, I found no 
significant increase or decrease in relative leaf N concentrations, regardless of water 
treatment level (Figure 5.9). Evidence from a few other short-term decomposition studies 
supports this finding, while others do not. In a study of seven deciduous species common 
to the Mediterranean, Ibrahima et al. (1995) found no significant change in relative N
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concentrations after 10 days of leaf submergence. Similar findings were observed in a 
Tanzanian mangrove, as it took more than 6 weeks for nitrogen levels in Avicennia 
marina leaves to show any noticeable change (Chale 1993). Most other studies of leaf 
decomposition have noted clear, often rapid, temporal increases in leaf nitrogen. For 
example, Steinke et al. (1983) observed consistent increases in the N content of A. 
marina leaves over a three-week period of time, contrary to Chale’s (1993) findings. Fell 
et al. (1975) measured no net change in the absolute N content of R. mangle leaves after 
24 days. However, they did document a large increase in the relative N content over the 
same period of time (Fell et al. 1975). Cundell et al. (1979) noted that nitrogen 
concentrations increased nearly 60% (from 0.51% to 0.89%) in the same species after 70 
days of submergence.
The Importance of C. N. and P in Early Leaf Decomposition
Changes in leaf nutrients in the present study did not always correspond to 
changes in water nutrients. Relative concentrations of leaf carbon increased while 
absolute concentrations showed little or no net change (Figure 5.8). However, TOC 
concentrations in the water increased by as much as an order of magnitude. I believe that 
this can be explained by the relatively large concentration difference between the leaves 
and the water, where small, undetectable changes in leaf C may yield a sizable increase in 
water C concentrations. Although much of the carbon content Rhizophora leaves is likely 
associated with structural tissue, the tannin content in the leaves of this genera is fairly 
high (5-8% of leaf mass; Cundell et al. 1979; Robertson 1988). Furthermore, these 
tannins as well as carbohydrates, proteins, and various inorganic elements are leached
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after a few weeks (Cundell et al. 1979; Benner et al. 1986; Steinke et al. 1993). The end 
result was a relative increase in structural tissue that appeared, in this instance, as an 
increase in the relative carbon content of the leaves. On the other hand, phosphorus 
concentrations in the water mirrored changes in concentrations of leaf P (Figures 5.11 
and 5.13). Considering that leaf P concentrations were relatively small (-0.035%) and 
much of the leaf P has been shown to be leachable, decreases in leaf P were directly 
observed as increases in water P.
Since nitrogen exhibited no net change under abiotic conditions, water molar 
ratios of C:N increased and N:P ratios decreased, regardless of the high, azide-induced 
nitrogen concentrations. And, even though TN increased when biotic processes were 
present (Figure 5.14), C:N ratios in the water still increased over time, reaching an 
overall mean of about 148 after three weeks. More than a quarter of that increase was 
reached after 2 days when C:N ratios of the water increased from an initial mean of 19 to 
59. As a comparison, Benner et al. (1986) noted a C:N ratio of red mangrove leachate of 
approximately 83 after 48 hours. I also found thatN:P ratios of the water decreased over 
time, leveling off after ten days. Based on these findings, it appears that the effluxes of 
carbon and phosphorus from Rhizophora leaves transcended any efflux of nitrogen.
I have demonstrated the behavior of carbon in the early degradation of R. mangle 
leaves as temporal changes in both tissue and water nutrients. I have also shown that 
carbon loss accounted for as much as 30% of the mass loss associated with leaching after 
three weeks of decomposition. By comparison, Ibrahima et al. (1995) found that carbon 
accounted for 50-80% of mass loss from deciduous leaves after 10 days of 
decomposition. Benner et al. (1986) have shown that this carbon-rich leachate can be
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rapidly and efficiently utilized by bacteria, thus serving as a potenitally important basis 
for the estuarine food web.
Further examination of my results indicates that carbon accounted for a small 
percent of leaf mass losses after one day. This was the period of time in which the 
greatest, single loss of mass occurred. Considering that the contribution of carbon to 
mass loss was delayed and the mass loss attributed to phosphorus and nitrogen was 
trivial, I searched the literature for clues as to the major contributors to initial mass loss 
from mangrove leaves. Evidence from these studies suggested that most of the initial 
losses I observed in this study were likely attributable to elements such as potassium, 
calcium, magnesium, and manganese (Steinke et al. 1983; Tam et al. 1990; Chale 1993; 
Steinke et al. 1993).
Although phosphorus was a minor component in terms of mass loss, the process 
of leaching appears to be a major source of P to a system considered to be limited by 
phosphorus availability (Feller 1995; Koch 1997). Regardless of the water treatment 
level, water concentrations of TP increased three-fold and N:P ratios decreased by as 
much as an order of magnitude from initial values after just five days. This rapid source 
of P may contribute to sustaining levels of productivity in such a relatively unproductive 
mangrove system. In contrast, nitrogen did not appear to have as important a role in the 
early degradation of dwarf Rhizophora leaf litter as carbon or phosphorus.
Conclusion
Leaching accounted for the largest losses of mass from dwarf red mangrove litter 
during the first three weeks of decomposition. Initial leaching losses and mean %DMR
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were highest in freshwater. These losses in freshwater leveled off in less than a week, 
whereas leaching losses in 16 and 32%o water continued throughout the remainder of the 
experiment. The contribution of biotic processes to mass loss was trivial at first, but 
steadily increased over the three-week study period. There was also an apparent 
influence of salinity on the disparity between biotic and abiotic processes. As salinity 
decreased, the biotic contributions over time increased. However, this “salinity effect” 
may have merely been an artifact of the differences in the organic carbon content and 
microbial densities of the different waters.
Carbon and phosphorus losses from Rhizophora leaves were also mainly 
attributed to leaching, showing no net difference between water treatment levels. At the 
same time, absolute and relative concentrations of leaf carbon were static while leaf P 
decreased over the three-week study period. Nitrogen, on the other hand, exhibited no 
net exchange from the leaves to the water due to leaching, but showed a significant 
increase in the water when biotic processes were present. Leaf N concentrations showed 
no net change from day 0 to day 21. Perhaps, a longer period of decomposition was 
necessary to observe the temporal increase in leaf N that so many other studies have 
observed. Finally, carbon made up a minor percent of initial mass losses, yet by the end 
of the study, nearly 30% of mass loss was due to carbon. Nitrogen and phosphorus, 
combined, accounted for approximately 0.8% of leaf mass loss after 21 days of 
decomposition.
Future work in this area should focus on the short-term decomposition dynamics 
of the different south Florida mangrove species (Rhizophora mangle, Avicennia 
germinans, and Laguncularia racemosa) as well as the different forest types (e.g. dwarf
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vs. fringe vs. basin). There is also a need for more research on the influence of salinity 
and season on the degradation of mangrove litter in south Florida. In Taylor Slough these 
factors are interrelated (Chapters 2-4) and likely affect both the timing and quality of 
litter. Also, there is a need for research comparing the short and long-term leaf 
decomposition of mangrove litter. Such a study would certainly aid in the understanding 
of large-scale nutrient cycling in a system where litter recycling is a perpetual energy and 
nutrient source to the estuarine food web.
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Chapter 6:
Exploring the effects of an altered hydrologic regime on the subsystem exchange of 
nitrogen In the southern Everglades salinity transition zone through the use of a
dynamic budget.
Abstract
I developed a dynamic budget to track the subsystem exchange of total nitrogen in 
the surface water of the salinity transition zone of Taylor Slough, Everglades National 
Park for one year. The salinity transition zone is a non-tidal, red mangrove-dominated 
system located between the freshwater Everglades (to the north) and Florida Bay (to the 
south). During the wet season, flow from the Everglades controls salinity and nutrient 
concentrations in this area, whereas the bay typically determines the salinity and nutrient 
profiles during the dry season. Calibration and validation of the model was accomplished 
with field data collected between 1996 and 1998. The simulated net annual export of TN 
to Florida Bay was 3.11 * 104 kg, with highest export during the wet season. Comparisons 
with field data indicated that the model satisfactorily predicted total nitrogen 
concentrations, total monthly fluxes at the interface with Florida Bay, and net areal fluxes 
in the dwarf subsystem. Month-for-month comparisons between model output and actual 
data necessitated similar hydrologic conditions (i.e. mean monthly salinity) in order to 
yield parity. Following validation, the model was used to simulate conditions of seasonal 
increases or decreases in freshwater flow. The results of these exercises indicated that 
both scenarios could lead to a reduction in the amount of total nitrogen exported to 
Florida Bay. However, further work needs to be conducted on determining actual
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subsystem dimensions and contributions of precipitation and evapotranspiration in order 
to refine the model.
Introduction
The ecological significance of mangrove wetlands as sources, sinks, or 
transformers of materials is not well understood at the present time. However, as these 
systems become more affected by human-related impacts, such as coastal development, 
freshwater diversion and nutrient enrichment, there will be an increased need for 
empirical data on the biogeochemical properties of these wetlands. While some 
investigators have shown that mangroves contribute a great deal of energy (in the form of 
fixed carbon) to offshore systems (Odum and Heald 1972), others have maintained that 
such contributions, especially to seagrass beds or coral reefs, are localized (Fleming et al. 
1990; Hemminga et al. 1994). The general consensus emerging from much of the 
mangrove outwelling work is that the relative amount of export and spatial extent to 
which mangrove-derived organic matter penetrates offshore food webs is mainly a 
function of tidal characteristics (Odum et al. 1979; Boto and Bunt 1981; Twilley 1985; 
Lee 1995). Concurrent with organic matter export, mangrove systems also often function 
as sinks for suspended sediment and dissolved inorganic nutrients (Boto and Wellington 
1988; Woodroffe 1992; Rivera-Monroy et al. 1995).
A further extension of this type of biogeochemical work has been to look at 
subsystem exchanges in order to quantify the relative contributions of different habitats 
within a system as well as their differential responses to forcing functions (e.g. tide, 
salinity, temperature, etc.; Rivera-Monroy et al. 1995). As with most estuarine wetlands,
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mangroves and adjacent aquatic systems are linked by surface and subsurface water 
connections, thus allowing for interactions at various spatial and temporal scales 
(Childers et al. 1993a). These interactions are often quantified as exchanges of materials 
or nutrients between estuarine habitats (e.g. oyster bed, Spartina marsh, mangrove 
wetland, etc.) and the water column (Wolaver and Spurrier 1988; Dame et al. 1989; 
Childers and Day 1990a; Childers and Day 1990b; Chapters 3 and 4). Given sufficient 
knowledge of subsystem fluxes of materials and hydrologic patterns, mathematical 
models can be useful tools to generate whole-system, dynamic nutrient budgets (Childers 
et al. 1993b). These models are beneficial because they aid in understanding the coupling 
of subsystems and how this coupling controls nutrient variability through space and time. 
They can also be used as the backbone for spatially articulate mechanistic models. 
Furthermore, dynamic budgets can be used to make predictions concerning future system 
states as well as to generate hypotheses. I developed a dynamic total nitrogen budget for 
a non-tidal estuarine mangrove system of the oligotrophic southern Everglades primarily 
for these reasons.
The model presented here was designed to track the movement of surface water 
total nitrogen (TN) within the salinity transition zone (STZ) of Taylor Slough, Everglades 
National Park and exchange between the STZ and Florida Bay. The model is based on 
intensive subsystem flux study (Chapters 3 and 4), extensive system exchange 
monitoring, and basic hydrological and geomorphological information. Given the non- 
tidal nature of this system, the movement of water and TN between habitats is driven by 
freshwater flow in the wet season and wind-driven forcing in the dry season. Since this is 
merely a budget and not a simulation model, I made no attempt to model specific
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biogeochemical processes, only net exchanges of water and TN between the model 
components. The budget output was examined from both a temporal and spatial 
perspective to determine the intra-annual variability in TN dynamics within and between 
subsystems. Flux and exchange data not used for the purpose of model development 
were used to validate the effectiveness and accuracy of the dynamic budget. In situations 
where model output did not correspond with the validation data, weaknesses of the model 
were exposed and hypotheses were offered. Finally, in order to demonstrate the impacts 
of the past and future changes in freshwater delivery to this system, I ran the model under 
a few different scenarios of decreased freshwater flow during the wet season and 
increased freshwater flow during the dry season.
Materials and Methods 
Site Description
Taylor Slough is located along the eastern margin of Everglades National Park 
(Figure 6.1). Historically, it was considered the major overland source of freshwater to 
Florida Bay. However, the diversion of freshwater from Taylor Slough for urban use and 
flood control has changed the natural volume and timing of delivery through this system, 
sometimes leading to prolonged hypersalinity in Florida Bay (Mclvor et al. 1994). 
Despite these changes in freshwater delivery, Taylor Slough is still one of the most 
important sources of freshwater driving seasonal salinity patterns in northeastern Florida 
Bay (Mclvor et a l 1994). Recently, there has been a push to restore natural, pre­
managed freshwater delivery into the freshwater wetlands of the C - ll l  basin and the
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Figure 6.1- A. Map of eastern Florida Bay and the southern Everglades highlighting the 
approximate boundary of Taylor Slough and location of the salinity transition zone (STZ; 
dashed line). B. Aerial photo showing the STZ of Taylor Slough between the freshwater 
Everglades marshes and Florida Bay (note the numerous ponds and lakes along the 
southern end of the dwarf mangrove zone). C. The conceptual model of water dynamics 
in the STZ used to develop the dynamic budget. Freshwater flow, during the wet season, 
originates from the Everglades, flows through the STZ, and empties into Florida Bay. 
Inputs from the bay are limited to strong wind events and late dry season.
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salinity transition zone of Taylor Slough (Figure 6,1; see web site for Southern 
Everglades Restoration; www.serestoration.org).
The salinity transition zone (STZ) of Taylor Slough (Figure 6.1) is bordered by 
the freshwater Everglades marshes, to the north, and Florida Bay, to the south. It is 
composed of three mangrove communities, two of which (dwarf and fringe) are directly 
linked via surface water flow (Figure 6,1), The dwarf mangrove wetland covers a vast 
area just south of the freshwater Everglades and represents the northernmost extent of 
bay water (salinity) intrusion (Figure 6.1). The hydrology of this area is characterized 
mainly by precipitation-driven sheet flow. However, there are numerous shallow ponds 
linked by distinct channels at the southern end of this wetlandscape (Figure 6.1). The 
fringe wetland occupies much less area, bordering the lower stretch of Taylor River, a 
major distributary of Taylor Slough (Figure 6.1). Taylor River empties into Florida Bay, 
thus providing a direct surface water linkage between the Everglades and Florida Bay, 
The dwarf and fringe wetlands of Taylor Slough are dominated by different 
growth forms of the red mangrove {Rhizophora mangle L.). Although, these wetland 
types are both typical of oligotrophic environments, they are quite different in their 
structural development, hydrologic characteristics, and relative rates of primary 
production (Cintron et al. 1985). Dwarf mangrove wetlands are generally shallow water 
environments with long hydraulic residence times (Cintron et al. 1985). They are also 
short in stature (<1.5 m in height) and the least productive mangrove wetland-type, most 
likely as a result of nutrient limitation (Cintron et al. 1985; Feller 1995; Twilley 1995; 
Koch 1997). On the other hand, fringe mangroves, having moderately high rates of
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production, are substantially taller (~lGm in height) and have much shorter hydraulic 
residence times (Cintron et al. 1985).
The subsystem exchange of water in the salinity transition zone of Taylor Slough 
is mostly driven by upland runoff during the wet season (June-November). High rains at 
the onset of the wet season create a large freshwater head in the Everglades marshes, 
resulting in a rapid pulse of water through the STZ and into Florida Bay (Figures 6.1 and
6.2). This seasonal event results in a system-wide reduction of surface water salinity that 
persists for much of the remainder of the year (Figure 6.2). However, as the wet season 
gives way to the dry season (December-May), evaporative losses in the dwarf mangrove 
and freshwater marshes exceed freshwater inputs producing a much weaker hydraulic 
head in the opposite direction (Figure 6.1). This leads to increased bay water intrusion in 
the STZ and, thus, increased surface water salinity (Figures 6.1 and 6.2).
Model Calibration Data
The field data supporting this modeling effort came from a few different sources. 
First, the daily exchange of water, salinity, and nutrients (TN and TP) between Taylor 
River and Florida Bay (via Little Madeira Bay) has been monitored since early 1996 
(Table 6.1). The United States Geological Survey (USGS) maintains a doppler, area- 
velocity gauge at the mouth of Taylor River to measure daily discharge into and out of 
the creek (E. Patino, USGS). A joint effort by investigators from Louisiana State 
University and Florida International University has monitored the daily exchange of total 
nitrogen, total phosphorus, and salinity at the same location as the USGS flow gauge 
since April 1996. Because 1997 was the first full year that these two datasets overlapped,
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Figure 6.2- 1997 USGS hydro data from the mouth of Taylor River showing a time series 
of direction and magnitude of water flux as well as salinity. These data were used to 
drive subsystem water exchange in the dynamic budget.
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I chose to use flow and salinity data from 1997 to calibrate the dynamic budget (Figure 
6.2).
Data on subsystem fluxes were taken from studies of wetland-water column 
exchanges of nutrients in dwarf and fringe mangrove sites in Taylor Slough STZ (Table 
6.1; Chapters 3 and 4). In order to maintain consistency and reduce sources of variability 
in the model, only dwarf mangrove flux data from 1997 were used in the model 
calibration process. In contrast, all available flux data were used for the fringe 
component, as significant fluxes of nutrients were infrequently measured from 1996 to 
1998 (Chapter 4). Other parameters from these flux studies such as nutrient 
concentrations, salinity, water level change, and flow measurements were also used in 
model development (Table 6.1).
Model Description and Construction
The dynamic budget was designed as an accounting exercise to keep track of total 
nitrogen in the surface water of the Taylor Slough STZ. Total nitrogen exchange was 
modeled for a few reasons. First, there were existing data on TN and salinity exchange 
between Taylor River and Florida Bay (Table 6.1). Although these TN data were not 
used for model calibration, they were an important first step in the validation process 
(Table 6.1). Next, the relationship between TN concentrations and salinity at the mouth 
of Taylor River suggested the potential importance of the mangrove subsystems in 
controlling TN dynamics, instead of simple dilution processes (Figure 6.3a). This
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Table 6.1- Sources of data used in the calibration or validation process of the dynamic total nitrogen budget.
site method dates parameters quantified purpose source
dwarf mangrove Jan., May, Aug. and net areal flux of TN, salinity, calibration Chapters 1 and 3
Taylor Slough enclosures Nov. 97 and water level
dwarf Aug. and Nov. 96 and net areal flux of TN and validation Chapters 1 and 3
mangrove Jan. and May 98 salinity
Taylor River quarterly, from Nov. net areal flux of TN, salinity,
fringe in-channel flumes 96 - Aug. 98 water level, and current calibration Chapter 2
mangrove
6 hr. integrated
velocity
salinity Childers and
daily water sample, Jan. 1 - Dec. 31, 1997 calibration Davis unpublished
Taylor River fixed point data
mouth
doppler, area-
May 96 - Dec. 96, Jan. 
98 - April 98
TN concentration 
daily flux of water at the
validation
Childers and 
Davis unpublished 
data
velocity gauge Jan. 1 - Dec. 31, 1997 Taylor River-Florida Bay calibration E. Patino, USGS
Taylor River interface
mouth May 96 - Dec. 96, Jan. daily flux of water at the
98 - April 98 Taylor River-Florida Bay 
interface
validation E. Patino, USGS
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Taylor River mouth
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Figure 6,3- Relationships between salinity and total nitrogen concentrations at the mouth 
of Taylor River (A), in the dwarf wetland (B), and in the fringe wetland (C),
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concept was further supported by the presence of similar relationships within each 
subsystem (Figure 6,3b and c). Next, total nitrogen fluxes in the dwarf and fringe 
wetlands appeared to show opposite relationships with respect to ambient TN 
concentrations in the surface water, indicating a possible difference in the way these two 
subsystems cycle nitrogen (Figure 6.4). The use of a dynamic budget would show how 
TN exchange in one subsystem might affect TN exchange in another. Finally, nitrogen is 
an ecologically important macro-nutrient that often limits primary production (Boto and 
Wellington 1983; Smith 1984; Howarth 1988). An understanding of the subsystem 
exchange of TN within the STZ of Taylor Slough may provide vital insight into the 
seasonal exchanges of TN between the nutrient poor Everglades and Florida Bay.
The dynamic TN budget was constructed according to the conceptual model in 
Figure 6.1 using STELLA Research v. 4.02 modeling software for the Power Macintosh 
(High Performance Systems, Inc.). The model was designed to simulate 365 days (1 
year) with a 1-day time step using Euler’s integration method. Total nitrogen was 
tracked in units of moles and concentrations were kept in moles m'3. Figure 6.5 provides 
a graphical display of the base model’s structure showing the flows between stocks as 
well as the numerous factors used to convert units and to regulate the flows of water and 
nitrogen. A description of each of these model components as well as initial values, 
equations, or relationships used is given in Table 6.2.
Julian day (time) was used as both a counter and an engine to drive the flux of 
water into and out of the southern end of the system according to the 1997 data (Figure 
6.5). Assuming that the flux of water out of the system was equivalent to the flux of 
water into the system, I also used water flux to drive the input of water into the
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Figure 6.4» Relationships between total nitrogen concentrations 
and net areal fluxes of total nitrogen in each subsystem.
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Figure 6.5- Illustration of dynamic budget model in STELLA symbols. Rectangles 
indicate subsystems, hollow arrows represent flows, and circles are used to convert units 
and drive flows.
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Table 6.2- List of model components, descriptions, units, and initial values or equations for Taylor 
River TN dynamic budget.
components
Stocks
dwarf
fringe
Flows
EtoD
DtoF
FtoB
BtoF
FtoD
Convertors
jd ay
sal
relwf
description units value or equation
mass of TN in surface water moles 
of dwarf mangrove wetland 
mass of TN In surface water moles 
of fringe mangrove wetland
Initial value = 0
initial value = 0
moles d-1 IF(relw f>0)TH EN (dw arf-dTN flux)ELSE(0)
flow of TN from freshwater moles d-1 IF(relw f>0)TH EN (w f*dTN )ELSE(0)
Everglades to dwarf 
mangrove 
flow of TN from dwarf 
mangrove to fringe 
mangrove 
flow of TN from fringe 
mangrove to Florida Bay 
flow of TN from Florida moles d -1
Bay to fringe mangrove 
flow of TN from fringe moles d-1
mangrove to dwarf 
mangrove
moles d-1 IF(relw £>0)TH EN(fringe-fTNflux)ELSE(0)
IF(relwf<0)THEN(~l:*wf5ifTN)ELSE(0) 
IF (wf<0)TH EN (fringe-fTN flux)EL SE(0)
Julian day day
surface water salinity %o
relative flux of water from %
one component to another
1 to 365
actual values from 1997 — Fig. 6.2 
actual values representing the percentage of 
maximum water flux Into (negative) and out 
of (positive)Taylor River each day (1997)
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Table 6.2- continued from previous page 
components description units
wf flux of water from one 
component to another
m3 d-1
dwl mean water level in dwarf 
mangrove wetland
m
fwl mean water level in fringe 
mangrove wetland
m
dm concentration of TN in 
surface water of dwarf 
mangrove wetland
moles m-3
fTN concentration of TN in 
surface water of fringe 
mangrove wetland
moles m-3
darea area of dwarf mangrove 
wetland inundated
m2
farea area of fringe mangrove 
wetland inundated
m2
dTNflux net areal flux of TN in moles m -2
dwarf mangrove wetland d-1
fTN flux net areal flux of TN in moles m-2
dwarf mangrove wetland d-1
dTNaf change in dwarf TN 
accounting for dTNflux
moles
value or equation
actual water fluxes into (negative) and out of 
(positive) Taylor River during 1997 -- 
Fig. 6.2
estimated from min. (0) and max. (0.2) water 
levels measured in dwarf mangrove wetland 
from 1996-1998 related to water flux 
IF(relwf>0)THEN(0.874-(5.599E-7*wf)) 
ELSE(0.762+(1.075E-6*w f)) -  Fig. 6.6 
0,069-0.0007*X -  Fig. 6.3
0.059-G.0003*X ~ Fig. 6.3
max. darea estimated from max. dwl divided 
by max. wf 
length of fringe zone estimated to be 1000 m. 
Avg. width of fringe area inundated ranges 
from 3 to 6 m 
-0.021+0.367*X -  Fig. 6.4
0.004-0.074*X -  Fig. 4
dw arf-dTN flux
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Everglades end of the model during periods of southerly flow (Figure 6.5). A system- 
wide salinity regulated TN concentrations in the different subsystems according to the 
observed subsystem-specific relationships (Figure 6.3; Table 6.2). Water level in each 
subsystem, a function of water flux, determined the area of wetland Inundated. These 
area values were then used to extrapolate area-specific mangrove fluxes to each 
subsystem. The fluxes of TN in either subsystem were also a function of surface water 
TN concentrations (Figure 6.4; Table 6.2).
Maximum (0.2m) and minimum (0m) water level values In the dwarf subsystem 
were taken from previous work in this wetland (Chapters 2 and 3). High water levels in 
the dwarf wetland typically corresponded with high freshwater flow events, while low 
water levels were usually measured during the dry season when flow freshwater flow was 
non-existent (personal observation), I discovered a different trend for the fringe wetland, 
In which water levels were generally lower when freshwater (southerly) flow was highest 
(Figure 6.6). However, when flow shifted directions, a frequent dry season phenomenon 
(Figure 6.2), water levels increased along with the flux of water (Figure 6.6).
The area of wetland Inundated, a function of water level, was estimated for each 
subsystem from empirical data and anecdotal evidence. For the dwarf mangrove, an 
estimate of the total land area inundated for one day was first made by dividing the 
maximum dally flux of water (480,732m3 d'1) by the maximum water level measured 
(0.2m). This value was considered the potential area of land that could affect the TN 
content of the surface water exchanged between subsystems on a given day. However, a 
substantial percent of this wetlandscape is open water (ponds or channels) and the 
subsystem fluxes used in this budget were mangrove-specific (Figure 6.1). Therefore, I
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Figure 6.6- Relationships between water flux and water level in the fringe 
subsystem during southerly flow and northerly flow events.
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divided this potential area in half to get a conservative estimate of the maximum area of 
dwarf wetland that could treat one day’s worth of surface water TN, The minimum 
value, when water level was zero, was set at 5% of the maximum in order to maintain 
model stability and to account for possible mangrove-independent exchanges of TN. 
Considering the topography of south Florida, I expected that small increases (0.02- 
0.05m) in water level above zero would inundate much of the dwarf wetland. Therefore,
I used a graph function to calculate the area of dwarf wetland inundated, whereby area of 
wetland inundated increased rapidly with water level then gradually approached the 
maximum (Figure 6.7a),
A different approach was taken to estimate area of fringe mangrove inundated. 
This subsystem occupies both banks of the lower stretch of Taylor River and is 
characterized by numerous prop roots extending into the channel. The banks along this 
channel are relatively high and steep. Consequently, I expected increases or decreases in 
water level to have a minimal effect on wetland area. The range of water level measured 
in the fringe wetland was 0.66 - 0.94m (Figure 6.6), and the width of the submerged 
mangrove zone one either side of the channel was estimated from past survey data to be 
between 3 and 6m (S. Davis unpublished data). Finally, I estimated the length of this 
lower stretch to be 1000m. This produced a potential range of fringe area inundated from 
6,000- 12,000m2. I entered the relationship between fringe water level and fringe area 
into STELLA as a positive linear function as shown in Figure 6.7b.
Finally, the flux of water at the mouth of Taylor River determined the direction 
and magnitude of water flux into and out of each subsystem. If there was a net southerly 
flux of water at the interface of the fringe mangrove and Florida Bay, then there was also
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Figure 6.7- Hypothesized relationships between water level and area of wetland 
inundated in the dwarf (A.) and fringe (B.) subsystems.
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a southerly water flux, of equivalent magnitude, between all other components, and vice 
versa. Southerly flow originated from the freshwater Everglades marshes and ended in 
Florida Bay, Northerly flow, on the other hand, originated from Florida Bay but ended in 
the dwarf mangrove subsystem, as this was considered to be the northernmost point of 
baywater intrusion (Figures 6.1 and 6.5).
After the base model was completed and validated with data other than those used 
for calibration (Table 6.1), four simulations were run to predict the effects of a variable 
hydrologic regime on the exchange of TN between the STZ of Taylor Slough and Florida 
Bay (Table 6.3). In order to simulate the relative effects of past freshwater diversions, 
freshwater flow was first reduced by 10% then again by 40% throughout the entire wet 
season. Equivalent increases in freshwater flow during the dry season were made to 
predict the outcome of increased freshwater delivery on TN exchange (Table 6.3).
Results
Normal run - 1997 conditions
The daily water flux and salinity data used to drive the budget were considered 
typical for this system (Figure 6.2). Water flux was minimal and shifted frequently at the 
beginning of the year. In response to this, salinity gradually increased to a maximum of 
about 31 %o by Julián day 128 (Figure 6.2). By about Julian day 150, salinity began to 
decrease at the mouth. By the time salinity reached 0%o, the flux of water out of the 
mouth of Taylor had reached its maximum discharge for the year (480,732m3 d"1; Figure
6.2). This was followed by an extended period of freshwater conditions and a gradually 
decreasing out flux of water (Figure 6.2). The latter half of the wet season was also
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A. Dwarf mangrove
B, Fringe mangrove
Julian Days
Figure 6.8- Time series plots of water level and wetland area in each mangrove 
subsystem. A two-step function was used to calculate dwarf wetland area, whereas a 
linear relationship was used for the fringe wetland.
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Table 6.3- List of different scenarios employed to determine the 
effect on TN exchange between subsystems in Taylor Slough,
exercise # scenario
1 decreased freshwater flow
during wet season
2 decreased freshwater flow
during wet season
3 increased freshwater flow
during dry season
4 increased freshwater flow
during dry season
relative change 
10% increase
40% increase
10% increase
40% increase
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characterized by periodic, large shifts in water flux, probably in response to strong winds 
associated with frontal passages (Figure 6.2).
Water level in the dwarf subsystem was low, between 2 and 5cm, for much of the 
first five months of the simulation (Figure 6.8a). The area of dwarf wetland inundated 
during this same period of time fluctuated around 80ha, except for a few dry-down events 
when the water levels dropped below 2cm (Figure 6.8a). When the dry season gave way 
to the wet season, dwarf water levels increased dramatically, but did not have a 
substantial affect on wetland area, as much of the wetland was already flooded (Figure 
6.8a). During the dry season, the fringe wetland experienced daily oscillations in water 
level that were directly reflected in the area of wetland inundated (Figure 6.8a). These 
oscillations were much less frequent in the early wet season because hydrologic 
conditions were more stable during this period of time (Figures 6.2 and 6.8b).
Total nitrogen concentrations in each subsystem approximated the actual range of 
concentrations at the mouth of Taylor River (Figure 6.9). However, given that salinity 
was the only variable used to predict TN concentrations, much of the variability was left 
unaccounted for. Concentrations in the dwarf zone often exceeded fringe concentrations, 
sometimes by as much as 10 \xM (Figure 6.9). Nevertheless, fringe TN concentrations 
remained consistently higher than those in the dwarf for the entire latter half of the dry 
season did (Figure 6.9). Since these two subsystems displayed opposite patterns in net 
areal flux with respect to total nitrogen concentration (Figure 6.4), the daily areal and 
total fluxes of TN within each subsystem were mirror images of one another, although on 
much different scales (Figure 6.10). For the most part, the dwarf wetland exported TN
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Figure 6.9- Time-seríes plots of daily total nitrogen concentrations in the modeled 
subsystems and at the mouth of Taylor River during 1997.
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Net Areal Flux
Net Areal Flux
Julian Days
Figure 6,10- Tim e-series plots of daily net areal fluxes and total daily fluxes of TN in 
each subsystem. The opposing patterns are a result of the different relationships between 
TN concentration and net areal flux for each subsystem.
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into the water column during the dry season and imported it during the wet season. The 
opposite was true for the fringe subsystem (Figure 6.10),
Model Validation
In addition to verifying the ability of the model to predict 1997 total nitrogen 
concentrations (Figure 6.9), I compared the dynamic budget’s monthly exchange of TN at 
the STZ-Florida Bay interface with actual 1997 exchange data (Table 6.4). These values 
were computed by mutliplying daily (1997) TN concentrations from the autosampler 
dataset by water fluxes from the USGS gauge (the same water fluxes used to calibrate the 
budget) and summing over each month (Table 6.1). The dynamic budget simulated the 
exchanges of TN at this interface with a fair degree of accuracy, as the two datasets 
produced fluxes that were of the similar direction and magnitude in most months (Table 
6,4). Furthermore, the months showing the largest disparity between these two were 
likely a result of data missing from the 1997 dataset (e.g. February, May, July, and 
December; Table 6.4), An overall flux, calculated for each, revealed a much larger annual 
export of TN for the model output than the 1997 dataset (Table 6.4). Again, much of this 
may have been attributed to the fact that 71 days were missing from the 1997 dataset 
(Table 6.4).
A further step in the validation process was to validate total monthly fluxes of TN 
at the STZ-Florida Bay interface with total monthly fluxes from years other than 1997 
(i.e. 1996 and 1998), Aside from 1997, there existed four months with sufficient data to 
do a comparison of this sort -  January, February, and April 1998, and May 1996. Direct, 
month-for-month comparisons revealed disproportionate TN exchange between the
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Table 6.4- Comparison of model TN flux at mouth of Taylor River with actual flux 
data from 1997. The number of days missing from 1997 dataset are noted next to 
each month. Negative flux values indicate a net export of TN to Florida Bay, 
whereas positive v
month mean monthly 
salinity
model flux (moles actual flux (moles 
TN mo-1) TN mo-1)
days
missing
January 14.1 -50704.41 »34406.36 9
February 19.5 -4474.10 2362.16 22
March 23.4 -14356.81 21154.22 3
April 28.5 43400.47 59280.54 0
May 20.2 -65190.72 -5308.46 8
June 0.1 -512175.15 -316405.92 3
July 0.8 -428755.23 -272793.51 9
August 2.1 -208278.47 -137109.15 4
September 1.9 -267700.13 -224102.04 0
October 4.4 -308437.55 -218822.40 0
November 7.3 -122994.95 -77560.42 0
December 4.8 -281322.54 -144640.89 13
annual flux of 
total nitrogen 
(kg TN)
-3.11*10A4 -1.89* 10A4 71
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model's output and actual fluxes (Figure 6.1 la). However, there was also a substantial 
difference in mean monthly salinity between these two datasets, suggesting that 
hydrologic conditions between modeled months and actual data were not analogous 
(Figure 6.1 la). These discrepancies in salinity may have affected both the concentration 
and subsystem flux of total nitrogen (Figures 6.3 and 6.4), thereby resulting in a 
significant difference in the mass of TN exchanged between the STZ and Florida Bay. 
Therefore, in attempt to make the validation more relevant, I compared modeled fluxes of 
TN with mean salinities similar to the actual flux data (Figure 6.1 lb). These comparisons 
were much more favorable as the direction and magnitude of each were nearly identical 
(Figure 6.1 lb).
Semblance in mean monthly salinity was also an important factor in the 
comparison of modeled net areal flux in the dwarf subsystem with actual fluxes from 
1996 and 1998. Month-for-month comparisons of these fluxes revealed the most 
agreement between August (model) and August 1996 and the least agreement between 
May (model) and May 1998 (Figure 6.12). Interestingly, these are also the same pairs 
that had the least and greatest amount of variance, with respect to mean monthly salinity 
(Figure 6.12).
Budget Exercises
Following model validation, I conducted four exercises to model the effects of a 
variable hydrologic regime on the exchange of total nitrogen between the STZ of Taylor 
Slough and Florida Bay. Simulating the outcome of past diversions of freshwater flow
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Figure 6.11- Bar charts comparing the total monthly flux of TN (gray bars) and mean 
salinity (black dots) at the mouth of Taylor River generated by the model with 1998 data. 
The top graph is a comparison of the same months, and the bottom graph is a comparison 
of different months with similar mean monthly salinity.
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Figure 6.12- Bar chart comparing modeled net areal fluxes of TN (gray bars) and mean 
monthly salinity (black dots) of TN in the dwarf subsystem with dwarf TN fluxes and 
salinity measured in the field. Error bars for modeled fluxes represent standard 
deviations for days of the month, whereas error bars for actual fluxes represent standard 
errors of triplicate dwarf mangrove enclosures (Chapters 1 and 3).
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from the Taylor Slough basin, flow was reduced by 10% and 40% during the wet season 
(Table 6.3). These systematic reductions resulted in proportionate decreases in the 
amount of total nitrogen exported from the fringe to the bay because overall discharge 
was reduced (Figure 6.13a). Also, by decreasing wet season flow, salinity increased and 
total nitrogen decreased in both subsystems, resulting in reduced dwarf uptake and fringe 
export. Reduced wet season discharge had the opposite effect on imports from Florida 
Bay as shifts in the direction of water flux were more enhanced, leading to increased TN 
Input (Figure 6.13b).
Finally, in attempt to model the effects of proposed hydrologic restoration on TN 
exchange at this same interface, I Increased freshwater flow by 10% and 40% during the 
dry season (Table 6.3). Oddly enough, this had the same effect as reducing freshwater 
flow during the wet season (Figures 6.13a and 6.14a). Apparently, the increase in 
discharge boosted nitrogen concentrations and the area of dwarf wetland inundated thus 
substantially Increasing total nitrogen uptake. The effect was similar for the imports from 
Florida Bay (Figure 6.14b). Increased discharge from the mouth of Taylor River 
prevented water from entering in from the bay. Therefore, total nitrogen input from the 
bay was proportionately reduced as freshwater flow increased in the dry season (Figure 
6.14b).
Discussion
The dynamic budget presented here tracked the movement of total nitrogen within 
and between subsystems as well as the exchange between the salinity transition zone of
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Figure 6.13- Time series plots showing the results of exercises # 1 and 2. The top graphs represent the dry season flux of TN from 
the fringe wetland to Florida Bay during normal (1997) conditions (left graph), 10% increased freshwater flow (middle graph), and 
40% Increased freshwater flow (right graph). The bottom graphs represent time series of TN flux from the bay to the fringe 
wetland during the dry season, with the bottom row reflecting the same model conditions as previously mentioned for the top row.
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Figure 6.14- Time series plots showing the results of exercises # 3 and 4. The top graphs represent the wet season flux of TN from 
the fringe wetland to Florida Bay during normal (1997) conditions (left graph), 10% increased freshwater flow (middle graph), and 
40% increased freshwater flow (right graph). The bottom graphs represent time series of TN flux from the bay to the fringe 
wetland during the wet season, with the bottom row reflecting the same model conditions as previously mentioned for the top row.
176
Taylor Slough and Florida Bay. The model was ran for 365 days to account for seasonal 
variability in hydrologic conditions (i.e. water flux and salinity), as they are believed to 
be major forcing functions in this ecosystem. Water flux, measured daily as discharge at 
the mouth of Taylor River in 1997, drove the model in terms of its control over wetland 
area and the lateral movement of total nitrogen. And, salinity determined total nitrogen 
concentrations and, thus, subsystem fluxes. Annual budgets of total nitrogen exchange 
between Taylor Slough and Florida Bay were calculated for the normal run (1997 
conditions) and each of the four exercises. These budgets emphasized the importance of 
hydrologic conditions at both temporal (wet season and dry season) and spatial scales 
(subsystem and ecosystem level). The significance of hydrologic conditions was also 
evident in the validation process, as similarity in mean monthly salinity was an important 
consideration in comparing total monthly fluxes.
Comparison with Other Flux Studies
The Taylor Slough model generated an annual areal TN uptake of about 0.5g TN 
m'2 y '1 for the dwarf wetland and a net release of about 0.03g m'2 y'1 for the fringe 
wetland. Fluxes for each subsystem were ultimately a function of salinity, as salinity was 
used to predict concentration in the model. Other mangrove studies have shown a pattern 
of nitrogen dynamics similar to the dwarf mangrove. Rivera-Monroy et al. (1995) 
measured total nitrogen (PN+DON-TN) export on the order of 0.68g m'2 y'1 in a fringe 
forest at Laguna de Terminos. Interestingly, particulate nitrogen export from this 
Mexican mangrove forest was positively related to precipitation events (Rivera-Monroy 
et a l  1995). Much larger exports of DON were recorded in an Australian mangrove that
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.receives no significant freshwater input. Boto and Wellington (1988), conducting a flux 
study in Coral Creek, measured an annual areal flux of 1.3g DON m'2 y '1. As a 
comparison of different systems, Wolaver et a l (1983) found an uptake of approximately 
30g TN m'2 y’1 in an estuarine salt marsh system near Carter Creek, Virginia. This 
uptake was three orders of magnitude greater than that estimated for the fringe mangrove.
Comparison with Other Nutrient Budgets
According to this model, there was a large net annual export of total nitrogen 
from the salinity transition zone of Taylor Slough. Total nitrogen export was highest 
during the wet season months as a result of increased freshwater discharge (Table 6.4). 
Childers et a l (1993b) developed a similar dynamic budget for the North Inlet estuary 
and found approximately 3 times (9.4* 104 kg) the annual export of total nitrogen from 
their system as I estimated for Taylor River (3.11 * 104 kg). The major differences 
between these two systems are that North Inlet is a tidal salt marsh system with little 
freshwater input and Taylor River is a non-tidal mangrove system fed by freshwater 
upland runoff for much of the year. Using a more comprehensive nutrient budget for the 
Chesapeake Bay estuary, Boynton et al. (1995) determined annual fluxes of TN and TP 
for each tributary. They generated exports of TN for each ranging from a high of 36.2 
kg*106 yr 1 in the Maryland Mainstem Bay to 0.21 kg*106 yr’1 for the Patuxent River and 
an import of TN by the Choptank River (-0.77 kg* 106 yr'1; Boynton et al. 1995).
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The four exercises were conducted as both a test for the sensitivity of water flow 
on the subsystem exchange of TN and to determine the possible changes associated with 
past decreases and proposed increases in freshwater delivery. Results from these 
simulations indicated consistent reductions in the amount of TN exported from Taylor 
River, regardless of the flow modification. Reductions in TN export for exercises 1 and 2 
were associated with decreased discharge. For exercises 3 and 4, TN export to Florida 
Bay was reduced as a result of increased uptake by the dwarf wetland. This enhanced 
import of TN was a response to increased concentrations that were, in turn, a function of 
reduced salinity. Childers et al. (1993b) performed related exercises to discern the effect 
of incremental increases in sea level on nutrient exchange between North Inlet and the 
adjacent coastal zone. Their budget predicted that increased sea level (up to 20cm) 
would consistently yield decreased TN export from the estuary (Childers et al. 1993b).
Model Weaknesses. Hypotheses and Management Implications
The dynamic budget presented here is a barebones effort to account for TN 
exchange in the salinity transition zone of Taylor Slough with minimal field data. 
Although I had enough information on total nitrogen dynamics in the dwarf mangrove 
(Chapter 2 and 3), ambiguous TN flux data from the fringe subsystem (Chapter 4) and no 
data on benthic fluxes limited me. The relatively low chemical fluxes measured in this 
system did not reflect the physical differences between the dwarf and fringe subsystems 
(Chapters 3 and 4). Next, given the importance of areal fluxes to a budget such as this, 
accurate estimates of wetland area inundated are crucial in making accurate predictions of
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total subsystem flux (Childers et al. 1993b). Areal estimates in this account were made 
from water flux and survey data as well as past experience in these wetlands. Finally, the 
lack of data concerning water/nutrient input to the dwarf system, via upland runoff and 
precipitation, weakened the upstream end of this budget. Furthermore, the combination 
of these inputs and evaporative losses would have dramatically improved the model's 
ability to estimate surface water salinity during the dry season in this large, shallow 
wetland. Regardless of its weaknesses, the model still proved to be a satisfactory 
approximator of salinity in the STZ, net areal fluxes in the dwarf wetland, and the 
exchange of TN between Taylor River and Florida Bay.
Another role of this model was to test the sensitivity of TN exchange by varying 
the flow of water. Past and present water management strategies have resulted in a 
change in the natural timing and volume of freshwater delivery to Taylor Slough. 
According to this budget, those changes likely resulted in a reduction in the amount of 
nitrogen exported to Florida Bay each year, as freshwater discharge into the bay 
decreased. Since much of the total nitrogen was probably associated with organic matter, 
there may have also been a reduction in the amount of organic carbon and phosphorus 
exported from this system as well. However, these are unsubstantiated speculations. 
Future modifications to the model may aid in the understanding of past and present C and 
P dynamics in Taylor Slough. The reasons for restoring freshwater flow to this area are 
many, but the focus is mainly on nutrient supplies and offsetting hypersaline phenomena 
in eastern Florida Bay. While salinity reductions might occur as a result of increased 
freshwater flow, it is possible that the export of nutrients, especially TN, might not
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increase. The predictions of this budget suggest that TN uptake in the dwarf forest would 
increase, thereby reducing the amount of TN in the water column available for export.
This concept of reduced TN export regardless of the change in freshwater flow is 
interesting given the goals of these restoration efforts. It not only casts a different light 
on the management strategies involved, but it also opens the door for further research on 
this and related nutrient issues. A recommended first step would be to further investigate 
the difference in the way these two mangrove systems cycle nitrogen. My dataset as well 
as nutrient data from autosamplers stationed at the northern and southern ends of the STZ 
suggest substantial removal of TN from the water column as it flows down slough 
(Childers and Davis, unpublished data). Ongoing research in Taylor Slough as well as in 
the panhandle wetlands of Everglades National Park will provide more insight into the 
changes in nutrient dynamics brought on by increasing freshwater delivery.
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Chapter 7:
Summary
Development in southeast Florida over the past 60+ years has contributed to a 
change in the natural timing and a reduction in the volume of freshwater delivered to 
Taylor Slough and the C-l 11 basin. These changes have gone essentially unchecked as 
little scientific research has been conducted to determine the long-term effect of this 
impact. Today we are faced with another change, as there is an effort to reestablish 
freshwater flow (both volume and timing) in this area to pre-management conditions.
In order to understand the potential ecological changes associated with this 
restoration, I conducted a study to assess the importance of season, water chemistry, and 
hydrologic conditions (temperature, water level, direction of flow, etc.) on the exchange 
of nutrients in two dominant mangrove wetland types along Taylor Slough. I also 
performed decomposition studies to determine the effect of water source (Everglades vs. 
Florida Bay), salinity, and season (wet vs. dry) on the processes controlling mass and 
nutrient loss from mangrove leaf litter, a potentially major source of nutrients to the water 
column. The results of my research indicated that these mangrove wetlands were 
sensitive to intra-annual changes in hydrologic parameters associated with season or 
water source. Furthermore, dwarf mangrove leaf decomposition appeared to be 
controlled by many of these parameters as well. Considering that current restoration will 
alter the present spatio-temporal patterns in many of these parameters, my results suggest 
that increased freshwater flow through this area has the potential to lead to long-term, 
system-level changes that may be as far reaching as eastern Florida Bay.
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